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Kurzzusammenfassung 
In Emulsionen sind zwei nicht mischbare Flüssigkeiten miteinander dispergiert, sodass 
eine große Phasengrenzfläche entsteht. Emulsionen sind dadurch thermodynamisch 
instabil und die Tropfen koaleszieren leicht. Stabilisierende Substanzen wie Tenside 
erniedrigen die Grenzflächenspannung und verhindern so die Phasentrennung. In 
sogenannten Pickering Emulsionen bilden Nano- oder Mikropartikel eine schützende 
Schicht um die Tropfen, was zu hoher Stabilität der entsprechenden Emulsionen führt. 
Weiche Mikrogelpartikel repräsentieren eine neue Klasse von schaltbaren Stabilisatoren, 
da sie sehr oberflächenaktiv sind und die Grenzflächenspannung erniedrigen. Mikrogele 
sind vernetzte, hydrophile Polymerpartikel, die in einem guten Lösungsmittel quellen. 
Mikrogele, die Poly(N-isopropylacrylamid) enthalten, reagieren auf Temperatur-
änderungen, indem sie oberhalb einer Temperatur von 32°C kollabieren. Zusätzliche 
Sensitivität gegenüber pH-Änderungen kann durch leicht saure oder basische 
Comonomere in die Mikrogele eingeführt werden. Die Sensitivität der Mikrogele wird 
auf die entsprechenden mikrogelstabilisierten Emulsionen übertragen, sodass durch 
Änderung äußerer Parameter eine gezielte Phasentrennung erreicht werden kann. 
Die Mechanismen, die die Phasentrennung verursachen, sind noch nicht vollständig 
bekannt. Es ist darum unabdingbar, weitere Informationen über die mit Mikrogelen 
bedeckte Wasser-Öl Grenzfläche zu erhalten. In dieser Arbeit werden verschiedene 
Methoden genutzt um die Eigenschaften von geladenen und ungeladenen Mikrogelen an 
der Grenzfläche zu untersuchen. Einerseits wird die Tropfenoberfläche direkt mit 
mikroskopischen Methoden und Streumethoden analysiert; andererseits werden die 
Grenzflächenstrukturen gezielt an ebenen Öl-Wasser Grenzflächen untersucht. 
Zusätzlich werden der Einfluss von Ladungen in Mikrogelen und Unterschiede zwischen 
Pickering Emulsionen und mikrogelstabilisierten Emulsionen erläutert. 
Emulsionstropfen werden zur Untersuchung der Anordnung der Mikrogele an der 
Grenzfläche mit Tieftemperatur Rasterelektronenmikroskopie (cryo-SEM) abgebildet 
und die Eindringtiefe der Mikrogele in die Ölphase wird mittels Transmissions Röntgen-
mikroskopie (TXM) und Kleinwinkel Neutronenstreuung (SANS) bestimmt. Ein 
spezieller cryo-SEM Aufbau (FreSCa cryo-SEM) ermöglicht weiterhin die detailliertere 
Untersuchung von Anordnung und Eindringtiefe der Mikrogele an flachen Grenzflächen. 
Weiterhing zeigt die Kompression der Mikrogele in einem Langmuir Trog deutliche 
Unterschiede zu harten Partikeln und die Langmuir-Blodgett Technik erlaubt die direkte 
Übertragung der Grenzflächenschicht auf ein Substrat, was eine anschließende 
Untersuchung mit Rasterkraftmikroskopie (AFM) ermöglicht. Die viskoelastischen 
Eigenschaften der Grenzfläche zeigen außerdem eine Abhängigkeit vom 
Ladungszustand der Mikrogele, was darauf hindeutet, dass die Viskoelastizität der 
Grenzfläche ein ausschlaggebender Faktor für die Emulsionsstabilität sein kann.  
  
Abstract 
Emulsions are composed of two immiscible liquid phases where one phase is dispersed 
in the other. The large interfacial area induces thermodynamic instability and droplets 
tend to coalesce. Stabilizers like surfactants decrease the surface tension and thus prevent 
phase separation. In Pickering emulsions, hard nano- or microparticles form a protective 
particle layer around the droplets, leading to high stability of the respective emulsions. 
Soft microgel particles can act as a new class of stimuli-sensitive stabilizers due to their 
high affinity to liquid interfaces. Microgels are hydrophilic, crosslinked, polymeric 
particles that are swollen by a good solvent. Microgels containing poly-(N-isopropyl 
acrylamide) as main monomer are sensitive to temperature changes and the microgel 
collapses above a temperature of 32°C. Additional sensitivity towards pH can be induced 
by using weak acidic or basic comonomers. The sensitivity of the microgels can be 
transferred to the respective microgel-stabilized emulsions and selective phase separation 
can be achieved by changing external parameters. 
The mechanism behind phase separation is not known thoroughly. It is thus inevitable to 
investigate the microgel-covered interface between oil and water. In this thesis, the 
microgel-covered interface is investigated in different manners with regard to the 
properties of microgels at interfaces and the influence of charges. On the one hand, the 
droplet interface is investigated directly with microscopy and scattering methods; on the 
other hand, flat oil-water interfaces are created as model systems to investigate the 
structure at the interface in more detail. The influence of charges is examined and 
differences between Pickering emulsions and microgel-stabilized emulsions are 
illustrated.  
Emulsion droplets are investigated with cryogenic scanning electron microscopy (cryo-
SEM) that reveals the arrangement of microgels on the droplet surface. Furthermore, 
transmission x-ray microscopy (TXM) and small-angle neutron scattering (SANS) are 
used to shed light on the protrusion of microgels into the oil phase. Flat microgel 
covered interfaces are examined using a special cryo-SEM setup, namely freeze-fracture 
shadow-casting (FreSCa) cryo-SEM, that gives information about the arrangement and 
protrusion height of the microgels. Furthermore, pronounced differences compared to 
hard particles are observed when the microgel layer is compressed in a Langmuir trough. 
The interfacial microgel layer is then transferred to solid substrates using the Langmuir-
Blodgett method and subsequent imaging with atomic force microscopy (AFM) reveals a 
dependence of microgel structure and size on the compression. Additional experiments 
of interfacial shear rheology show that the viscoelastic properties of the interface depend 
on the microgel charge. Thus, the viscoelasticity of the interface may be a crucial 
parameter governing emulsion stability. 
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1. Introduction 
Emulsions are ubiquitous in everyday’s life, ranging from food over cosmetics and 
medicine to oil recovery. Classically, emulsions are stabilized by surfactants, amphiphlic 
molecules that assemble at the oil-water interface and lower the interfacial tension.
[1-3]
 In 
some applications it is desirable that surfactants are replaced by spherical particles, 
resulting in particle-stabilized emulsions (Pickering emulsions) that exhibit long-term 
stability.
[4-7]
 Industrial applications often require emulsions that can be broken on demand 
after a reaction has taken place, for instance if the separation of oil- and water soluble 
products is necessary. This intended phase separation can be a critical task in industrial 
processes.  
Recently, several groups in academia work with emulsions that react to external stimuli 
and can thus be broken on purpose. Responsive emulsions can be obtained by using 
temperature sensitive surfactants
[8]
 or the natural, pH-sensitive biopolymers xanthane 
gum and shellac.
[9]
 Furthermore, the changing surface properties of silica with CO2
[10]
and 
the sol-gel transition of chitosan polymers at the interface
[11]
 can be used to form 
responsive emulsions. The latex-to-microgel transition of charged polymers can also be 
used to induce directed phase separation of emulsions. These systems destabilize as soon 
as the latex particles carry charges that lead to swelling and desorption from the 
interface.
[12-13]
  
Microgels, soft and crosslinked polymeric particles, are very suitable candidates for the 
preparation of stimuli-sensitive emulsions. They can respond to external parameters like 
pH and temperature and react by collapsing or swelling of the polymer network, provided 
that appropriate monomers are used. Poly(N-isopropylacrylamide), PNiPAm, is a well 
known temperature-responsive polymer that collapses above 32°C, the so called volume 
phase transition temperature (VPTT). The copolymerization of weak acidic or basic 
monomers induces additional responsiveness towards pH. Additionally, microgels can be 
very surface active, assemble at interfaces and can thus be used to stabilize emulsions. 
The resulting emulsions can be very stable but can also be broken on purpose by 
changing external parameters. Research considering microgel-stabilized emulsions and 
microgel-covered interfaces in general was developing rapidly when work on this thesis 
began. Papers of different groups had been published about microgels being able to 
stabilize emulsions and the influence of charges, temperature and low-molecular–weight 
polymers on the stability of these emulsions.
[14-17]
 Experiments concerning the 
viscoelasticity of the interface and the interfacial coverage also showed the influence of 
charges and already indicated that microgel-stabilized emulsions differ from the behavior 
of common Pickering emulsions that are stabilized by hard micro- or nanoparticles.
[18]
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In the course of 2011, several studies were published concerning different aspects of 
microgel-covered interfaces. For instance, it was shown that microgels deform and adopt 
a flattened shape at the oil-water interface.
[19]
 Therefore, a clear contact angle cannot be 
defined for soft particles at interfaces. This is in sharp contrast to common Pickering 
emulsions where the contact angle of the particle determines the properties of the 
emulsion.
[5]
 The recently developed technique freeze-fracture shadow-casting (FreSCa) 
cryo-SEM can be used to measure the contact angle of hard particles very precisely.
[20-21]
 
It was thus expected that it can also shed light on the apparent contact angle and the 
protrusion height of soft particles. Results from these studies are presented in chapter 5 of 
this thesis.  
The microgel arrangement at the surface of emulsion droplets was investigated by means 
of cryo-SEM by Brugger et al. in 2009.
[22]
 They found a high interfacial coverage with 
polymer segments when uncharged microgels are used. Emulsion stability is thus not 
directly connected to the packing density at the interface because uncharged microgels 
produce less stable emulsions than charged microgels. These findings were correlated to 
the viscoelasticity of the interface and the emulsion stability. Two years later, Destribats 
et al. started to publish a series of extensive cryo-SEM studies on emulsion droplets 
covered with uncharged PNiPAm microgels, revealing hexagonal arrangement and 
showing that emulsion stability is governed by the microgel deformability.
[19, 23-26]
 This 
shows the high efficiency of uncharged microgels as emulsion stabilizers and the 
ambiguity concerning the influence of charges. Thus, charged and uncharged microgels 
were used for the experiments presented in this thesis to account for the previously 
unidentified influence of charges. 
Experiments concerning the arrangement of microgels at liquid interfaces were until then 
only conducted on emulsion droplets investigated with cryo-SEM.
[19, 22]
 However, the 
exact analysis of the microgel arrangement is complicated due to curvature effects. Flat 
model interfaces allow using different methods to directly produce and analyze microgel 
arrays. For instance, self-assembled monolayers or the formation of Langmuir 
monolayers at different microgel concentrations were used in this thesis to give 
information about the influence of charges on the arrangement, emphasizing again the 
special behavior of soft particles at interfaces. Furthermore, interfacial rheology showed 
earlier that the emulsion stability is connected to the viscoelastic properties of the 
interface.
[18]
 A connection between the viscoelasticity, the arrangement at the interface 
and the compression isotherms was made in a recent collaborative project.
[27]
 The relation 
between different interfacial properties was revealed. It is crucial to investigate different 
aspects of the interface to gain a thorough understanding of the mechanisms taking place 
at microgel-covered interfaces.  
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Several other aspects of microgel covered liquid interfaces were investigated lately. For 
instance, microgels adsorb to oil-water interfaces without energy barrier and with an 
adsorption energy of the order of several thousands kBT.
[28]
 The characteristic adsorption 
kinetics arise from a two-step process, namely the adsorption and subsequent deformation 
of microgels.
[29]
 Thus, the deformability of the microgels plays a crucial role in 
determining the adsorption process. Furthermore, the temperature responsiveness of 
PNiPAm microgels induces a minimum in the interfacial tension around the volume 
phase transition temperature (VPTT) where the microgels collapse.
[30-31]
 The mentioned 
studies indicate further significant differences between the behavior of soft and hard 
particles at liquid interfaces. 
To sum it up, the softness of microgels differentiates them from hard particles used in 
Pickering emulsions 
[32-33]
 and it is inevitable to look at the microgel-covered interface to 
understand emulsion properties and the mechanism behind emulsion breakage. In this 
thesis, the properties of microgel-covered interfaces were investigated on the one hand on 
emulsion droplets covered with microgels. On the other hand, flat interfaces served as 
model systems that are easily accessible and provide information about the general 
behavior of microgels at interfaces.  
Emulsions were investigated with different methods: 
 Cryogenic scanning electron microscopy (cryo-SEM) was performed on 
emulsions with high and low microgel content. The emulsions show different 
macroscopic appearance depending on parameters like pH, temperature and 
microgel concentration. The coverage of the interface with microgels, however, 
does not show clear dependences on these parameters (chapter 4). 
 Transmission x-ray microscopy allowed gaining a 3D view of microgel-stabilized 
emulsions, revealing that the microgels penetrate into the oil phase despite their 
hydrophilicity and are arranged randomly around the droplets (chapter 8). 
 Small-angle neutron scattering (SANS) was used to characterize the location of 
microgels at droplet surfaces using contrast variation experiments. The roughness 
of the interface, that is the extent of microgel protrusion into both phases, was 
investigated by analyzing the Porod regime of the scattering (chapter 9).  
The following methods were applied to investigate flat microgel-covered interfaces: 
 Freeze-fracture shadow-casting (FreSCa) cryo-SEM revealed that the microgels 
deform at the oil-water interface and adopt a core-corona morphology. The 
deformation is independent of the presence of charges in the microgel (chapter 5). 
 A Langmuir trough was used to investigate the behavior of microgels at liquid 
interfaces under compression. The setup was optimized to record compression 
isotherms of microgels at oil-water interfaces. Preliminary experiments and a 
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detailed description of the setup are presented in chapter 11. Changes in the 
surface pressure-area isotherms can be correlated to changes in the interaction 
between the microgels. Unexpectedly, charged microgels can be compressed 
further before an increase in the surface pressure is observed (chapter 6). 
 The interfacial microgel monolayer at oil-water interfaces was transferred to solid 
substrates at different compression states using the Langmuir-Blodgett technique 
and subsequently imaged with atomic force microscopy (AFM). A very ordered 
hexagonal structure was observed that was compared to the structure formed after 
adsorption from the subphase (FreSCa cryo-SEM) (chapter 7). 
 The rheological properties of the microgel-covered interface under shear were 
measured using the double wall ring setup (DWR). The interface shows elastic 
behavior irrespective of charges in the microgels (chapter 10). 
The methods listed above illuminate different aspects of microgel-covered interfaces 
ranging from the macroscopic appearance of emulsions over direct imaging of droplets 
and interfaces to the investigation of microgel interaction under compression or shear. It 
is intended to shed light on the properties of microgels at liquid interfaces and as 
stabilizers in emulsion and to clarify differences between soft and hard particles at liquid 
interfaces. 
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2. Scientific Background 
2.1 Microgels 
Microgels are soft and crosslinked polymeric particles with porous structure. The 
crosslink density decreases towards the periphery in conventional batch synthesis due to 
different reactivity of monomer and crosslinker, leading to a fuzzy appearance of the 
microgels with dangling polymer chains at the surface (Figure 1).
[1-2]
  
 
Figure 1. Structure of a PNiPAm microgel with decreasing crosslink density from the core to the 
periphery. The core is characterized by a radial box profile of Rbox = R - 2σsurf. R denotes the 
distance where the crosslink density has decreased to half the initial density. The thickness of the 
fuzzy layer is characterized by σsurf. RSANS = R + 2σsurf describes the particle radius resulting from 
small angle neutron scattering (SANS), which is slightly smaller than the hydrodynamic radius Rh 
obtained from dynamic light scattering (DLS).
[1]
 Reprinted from reference 1 with permission from 
AIP Publishing LLC. 
A homogeneous distribution of the crosslinker can be achieved by modification of the 
synthesis procedure, for instance by addition of monomers and crosslinker over a time 
span of several minutes.
[2]
 A very prominent example are microgels composed of poly(N-
isopropylacrylamide), P(NiPAm).
[3-11]
 Increasing the temperature of a P(NiPAm) 
microgel dispersion above the volume phase transition temperature (VPTT) of 32°C leads 
to collapsing of the polymer chains and shrinking of the microgel. This behavior results 
from the fact that the internal interactions between polymer chains exceed the interactions 
of the polymer chains with water due to increased hydrophobicity at elevated 
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temperatures. The incorporation of comonomers like acids or amines leads to an 
additional responsiveness towards changes in the pH.
[12-15]
 The presence of charges 
induces swelling of the microgel due to increased osmotic pressure. Microgels show high 
interfacial activity and assemble at liquid interfaces. They lower the interfacial tension of 
air-water
[16-17]
 and oil-water
[18-22]
 systems very effectively and can be used as stabilizers 
in emulsions.  
2.2 Particle-Stabilized Emulsions 
Emulsions are liquid systems containing two immiscible phases where one phase is 
dispersed in the other. They can be classified by the type of the dispersed and the 
continuous phase (oil-in-water or water-in-oil); the formation of multiple emulsions is 
also possible (oil-in-water-in-oil or water-in-oil-in-water). Emulsions are 
thermodynamically unstable due to the high interfacial area. Stabilizing agents are added 
to prevent coalescence and phase separation. Classical stabilizers are low molecular, 
amphiphilic surfactants. They assemble at the interface due to their amphiphilicity and 
lower the interfacial tension between oil and water, thereby preventing coalescence. 
Electrostatic and steric repulsion of droplets also play an important role in stabilizing 
these emulsions, depending on the type of surfactant.
[23-24]
  
The droplets in insufficiently stabilized emulsions can undergo Ostwald ripening, 
aggregation or bridging. In many cases, these events lead to coalesce followed by phase 
separation. Sedimentation or creaming of droplets caused by density differences does not 
necessarily induce coalescence. On the contrary, the limited coalescence technique 
(chapter 4) uses controlled coalescence to fabricate a stable emulsion with defined droplet 
size distribution.
[25]
 Emulsions produced by applying mechanical forces have a wide 
droplet distribution that is difficult to control externally. This problem can be overcome 
by using, for instance, membrane emulsification or microfluidics.
[23, 26-28]
 
2.2.1 Pickering Emulsions 
At the beginning of the 20
th
 century, Pickering and Ramsden discovered independently 
that hard, spherical particles can serve as very effective emulsion stabilizers.
[29-30]
 The 
particles assemble at the oil-water interface and form a dense layer around the droplets, 
preventing droplet coalescence by steric hindrance or electrostatic repulsion. The energy 
E that is required to remove a rigid particle with a contact angle θow and a radius r from an 
interface with the interfacial tension γow is given by  
                   
  ( 1 ) 
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The sign in the parenthesis is negative when the particle is removed into the aqueous 
phase and positive when the particle is removed into the oil phase. Thus, large particles 
with a radius of several microns and a contact angle close to 90° are adsorbed virtually 
irreversibly to the interface, leading to the exceptional stability of Pickering emulsions.
[31-
32]
 
The type of emulsion depends on the wetting behavior of the particle with the aqueous 
and the oil phase. In general, the phase that wets the particle better becomes the 
continuous phase of the emulsion. Thus, if the particle is dispersed in water, an oil-in-
water emulsion is formed, and vice versa (Figure 2). Predictions about the preferred type 
of emulsion can be made by measuring the contact angle between particle and liquid. 
[31-
33]
 It is also possible to change the type of emulsion by varying the contact angle of the 
particles in situ, e.g. by modifying surface properties through changes in the pH.
[34]
 
 
Figure 2. A spherical particle at the oil water interface has different contact angles depending on 
its hydrophilicity. The contact angle determines the type of emulsion. Left: a hydrophilic particle 
with a contact angle below 90° forms an oil-in-water emulsion. Right: a hydrophobic particle with a 
contact angle larger than 90° forms a water-in-oil emulsion.
[31]
 Reprinted from reference 31 with 
permission from Elsevier. 
2.2.2 Microgel-Stabilized Emulsions 
Besides surfactants and hard particles, soft particles like microgels can also serve as 
effective emulsion stabilizers. The principles of Pickering emulsions cannot be 
transferred directly to microgel-stabilized emulsions, as it will be discussed in detail in 
the scope of this thesis. Microgels behave differently due to their softness and their 
special character in bulk as well as after adsorption to a liquid interface.
[35-36]
 If 
responsive microgels are used, the corresponding emulsion maintains the responsiveness 
of the microgels and can be broken on purpose by changing external parameters like 
temperature or pH, depending on the sensitivity of the microgel. After phase separation, 
the microgels are either redispersed in the aqueous phase or form an agglomerated 
precipitation at the interface (Figure 3). 
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Figure 3. Schematic description of emulsion preparation, stabilization by microgels and phase 
separation after changing external parameters.  
First experiments using microgels as emulsion stabilizers showed the responsiveness of 
the emulsions towards pH, ionic strength and temperature changes. Authors speculated 
about the mechanism behind emulsion stabilization and destabilization proposing 
microgels desorb from the interface when they become hydrophobic after collapsing. 
[37-
39]
 However, it was shown that microgels preserve their interfacial activity in the 
collapsed state and thus do not leave the interface. Instead, the changing viscoelastic 
properties of the interface are crucial for emulsion stability. For instance, the interface is 
more brittle if the microgels do not carry charges than if they carry charges, leading to 
destabilisation of the emulsion.
[40-43]
 Another important aspect is that electrostatic 
repulsion between droplets is not a reason for emulsion stability, as droplets stabilized 
with oppositely charged microgels do not coalesce when they meet.
[44]
 Similarly, it is not 
necessary for microgels to carry charges on the surface, as it was demonstrated using 
core-shell microgels as stabilizers,
[45]
 or to carry charges at all.
[46-50]
 The influence of 
particle size
[50]
, shear force
[49]
, temperature
[48]
 and deformabiliy
[47]
 on the emulsion 
stability were also invesitgated in detail for pure PNiPAm microgels. Recently, authors 
showed that microgels can also be used to stabilze inverse emulsions,
[34]
 high internal 
phase emulsions,
[51-52]
 emulsions made of liquid crystals,
[53]
 and non-aqueous oil-in-oil 
emulsions.
[54]
 
Emulsions are commonly prepared by applying shear force to a system of two liquids 
where one contains the surface active particles. The strength and mode of the applied 
shear influences the macroscopic appearance of the resulting emulsion. The simplest 
emulsification method is shaking the vial containing the phases vigorously. The resulting 
emulsion contains large droplets with wide size distribution and the reproducibility is 
low. A homogenizer with rotor-stator head can be used to increase the reproducibility. 
Both the rotating and the static part of the head contain openings leading to high shear 
forces during rotation and inducing the dispersion of the two phases.  
In conventional emulsion preparation, the aqueous phase contains an excess of microgels 
and the droplet surface can be completely covered with microgels during emulsification. 
In contrast to that, the limited coalescence method uses small microgel concentrations and 
directly after emulsification the interface is insufficiently covered with microgels. The 
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droplets coalesce until a stable and monodisperse emulsion is formed where the droplet 
size depends on the interfacial particle coverage (meaning the amount of particles at the 
interface), assuming that no excess particles are present.
[25, 47]
 The low amount of 
microgels often favors bridging and aggregation of droplets. Still, in contrast to 
conventional emulsions prepared with excess microgels, the drop size distribution is small 
when the limited coalescence technique is used. Membrane emulsification techniques or 
microfluidics can be used to produces monodisperse emulsions at high concentrations of 
microgels.
[26-28, 44]
 
2.3 References 
[1] M. Stieger, W. Richtering, J. S. Pedersen, P. Lindner, J. Chem. Phys. 2004, 120, 
6197-6206. 
[2] S. Meyer, Richtering, W., Macromolecules 2005, 38, 1517-1519. 
[3] H. G. Schild, Prog. Polym. Sci. 1992, 17, 163-249. 
[4] B. R. Saunders, B. Vincent, Adv. Colloid Interface Sci. 1999, 80, 1-25. 
[5] R. Pelton, Adv. Colloid Interface Sci. 2000, 85, 1-33. 
[6] E. Daly, B. R. Saunders, Phys. Chem. Chem. Phys. 2000, 2, 3187-3193. 
[7] B. R. Saunders, N. Laajam, E. Daly, S. Teow, X. Hu, R. Stepto, Adv. Colloid 
Interface Sci. 2009, 147-148, 251-262. 
[8] A. Pich, W. Richtering, Adv. Polym. Sci. 2010, 234, 1-37. 
[9] R. Pelton, J. Colloid Interface Sci. 2010, 348, 673-674. 
[10] W. Richtering, A. Pich, Soft Matter 2012, 8, 11423-11430. 
[11] Y. Hertle, T. Hellweg, J. Mater. Chem. B 2013, 1, 5874. 
[12] S. Zhou, B. Chu, J. Phys. Chem. B 1998, 102, 1364-1371. 
[13] T. Hoare, R. Pelton, Langmuir 2004, 20, 2123-2133. 
[14] M. Das, E. Kumacheva, Colloid Polym. Sci. 2006, 284, 1073-1084. 
[15] J. Kleinen, A. Klee, W. Richtering, Langmuir 2010, 26, 11258-11265. 
[16] Y. Cohin, M. Fisson, K. Jourde, G. G. Fuller, N. Sanson, L. Talini, C. Monteux, 
Rheol. Acta 2013, 52, 445-454. 
[17] J. Zhang, R. Pelton, Langmuir 1999, 15, 8032-8036. 
[18] Y. Wu, S. Wiese, A. Balaceanu, W. Richtering, A. Pich, Langmuir 2014, 30, 7660-
7669. 
[19] K. Ö. Nazli, C. W. Pester, A. Konradi, A. Böker, P. v. Rijn, Chem. Eur. J. 2013, 19, 
5586-5594. 
[20] C. Monteux, C. Marliere, P. Paris, N. Pantoustier, N. Sanson, P. Perrin, Langmuir 
2010, 26, 13839-13846. 
[21] Z. Li, K. Geisel, W. Richtering, T. Ngai, Soft Matter 2013, 9, 9939-9946. 
[22] Z. Li, W. Richtering, T. Ngai, Soft Matter 2014, 10, 6182-6191. 
SCIENTIFC BACKGROUND 
11 
[23] J. Bibette, F. Leal-Calderon, Curr. Opin. Colloid Interface Sci. 1996, 1, 746-751. 
[24] G. Lagaly, O. Schulz, R. Zimehl, Dispersionen und Emulsionen, Springer-Verlag, 
Berlin, Heidelberg, 1997. 
[25] S. Arditty, C. P. Whitby, B. P. Binks, V. Schmitt, F. Leal-Calderon, Eur. Phys. J. E 
2003, 11, 273-281. 
[26] Q. Yuan, O. J. Cayre, M. Manga, R. A. Williams, S. Biggs, Soft Matter 2010, 6, 
1580-1588. 
[27] K. L. Thompson, S. P. Armes, D. W. York, Langmuir 2011, 27, 2357-2363. 
[28] G. Sun, F. Qui, J. Wu, G. Ma, T. Ngai, Langmuir 2014, 30, 7052-7056. 
[29] W. Ramsden, Proc. R. Soc. London 1903, 72, 156-164. 
[30] S. U. Pickering, J. Chem. Soc. Trans. 1907, 91, 2001-2021. 
[31] B. P. Binks, Curr. Opin. Colloid Interface Sci. 2002, 7, 21-41. 
[32] R. Aveyard, B. P. Binks, J. H. Clint, Adv. Colloid Interface Sci. 2003, 100-102, 
503-546. 
[33] M. Destribats, S. Gineste, E. Laurichesse, H. Tanner, F. Leal-Calderon, V. 
Héroguez, V. Schmitt, Langmuir 2014, 30, 9313-9326. 
[34] G. Sun, Z. Li, T. Ngai, Angew. Chem., Int. Ed. 2010, 49, 2163-2166. 
[35] W. Richtering, Langmuir 2012, 28, 17218-17229. 
[36] V. Schmitt, V. Ravaine, Curr. Opin. Colloid Interface Sci. 2013, 18, 532-541. 
[37] T. Ngai, S. H. Behrens, H. Auweter, Chem. Commun. 2005, 331-333. 
[38] T. Ngai, H. Auweter, S. H. Behrens, Macromolecules 2006, 39, 8171-8177. 
[39] S. Tsuji, H. Kawaguchi, Langmuir 2008, 24, 3300-3305. 
[40] B. Brugger, W. Richtering, Langmuir 2008, 24, 7769-7777. 
[41] B. Brugger, B. A. Rosen, W. Richtering, Langmuir 2008, 24, 12202-12208. 
[42] B. Brugger, S. Ruetten, K.-H. Phan, M. Moeller, W. Richtering, Angew. Chem., Int. 
Ed. 2009, 48, 3978-3981. 
[43] B. Brugger, J. Vermant, W. Richtering, Phys. Chem. Chem. Phys. 2010, 12, 14573-
14578. 
[44] T. Liu, S. Seiffert, J. Thiele, A. R. Abate, D. A. Weitz, W. Richtering, Procl. Nat. 
Acad. Sci. 2012, 109, 384-389. 
[45] S. Schmidt, T. Liu, S. Rütten, K.-H. Phan, M. Möller, W. Richtering, Langmuir 
2011, 27, 9801-9806. 
[46] M. Destribats, V. Lapeyre, E. Sellier, F. Leal-Calderon, V. Schmitt, V. Ravaine, 
Langmuir 2011, 27, 14096-14107. 
[47] M. Destribats, V. Lapeyre, M. Wolfs, E. Sellier, F. Leal-Calderon, V. Ravaine, V. 
Schmitt, Soft Matter 2011, 7, 7689-7698. 
[48] M. Destribats, V. Lapeyre, E. Sellier, F. Leal-Calderon, V. Ravaine, V. Schmitt, 
Langmuir 2012, 28, 2744-2755. 
[49] M. Destribats, M. Wolfs, F. Pinaud, V. Lapeyre, E. Sellier, V. Schmitt, V. Ravaine, 
Langmuir 2013, 29, 12367-12374. 
SCIENTIFC BACKGROUND 
12 
[50] M. Destribats, M. Eyharts, V. Lapeyre, E. Sellier, I. Varga, V. Ravaine, V. Schmitt, 
Langmuir 2014, 30, 1768-1777. 
[51] Z. Li, T. Ming, J. Wang, T. Ngai, Angew. Chem., Int. Ed. 2009, 121, 8642-8645. 
[52] Z. Li, T. Ngai, Colloid Polym. Sci. 2011, 289, 489-496. 
[53] H. Monteillet, M. Workamp, X. Li, B. Schuur, J. M. Kleijn, F. A. M. Leermakers, J. 
Sprakel, Chem. Commun. 2014, 50, 12197-12200. 
[54] A. K. F. Dyab, A. M. Atta, RSC Adv. 2013, 3, 25662-25665. 
 
METHODS 
13 
3. Methods 
The Langmuir trough, freeze-fracture shadow-casting cryogenic scanning electron 
microscopy (FreSCa cryo-SEM), dynamic light scattering (DLS) and small-angle neutron 
scattering (SANS) are explained in more detail in this chapter. Further explanation and 
denomination of the instruments are given in the methods sections of the respective 
chapters.  
3.1 The Langmuir Trough 
The Langmuir trough is used to gain information about a monolayer of particles at liquid-
air or liquid-liquid interfaces. The particles are placed directly at the interface and the 
interaction between them changes during the compression with two movable barriers. As 
the particles move closer towards each other, the resulting change in interfacial tension is 
measured with a Wilhelmy plate connected to a balance (Figure 4).  
 
Figure 4. Schematic description of the Langmuir trough. The microgels are placed directly at the 
oil-water interface and the monolayer is compressed with two movable barriers. The change in 
surface pressure is measured with a platinum Wilhelmy plate on a balance. 
The measured quantity is the surface pressure π, which is defined as the difference of the 
interfacial tension of the clean interface γ0 and the interfacial tension of the interface 
covered with particles, γmonolayer. 
                    ( 2 ) 
The force acting on the plate depends on the gravity and the surface tension acting 
downwards and the buoyancy acting upwards. With ρp being the density of a plate with 
the dimensions lp, wp and tp, g the gravitational constant and hl the immersion depths of 
the plate in a liquid with density ρl, the following equation holds.
[1-2]
 
                                      ( 3 ) 
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If the plate is completely wetted by the liquid (the wetting angle between the plate and 
water is θ = 0°) and if       the change in the force can be described as 
          ( 4 ) 
Thus, the surface pressure π can be determined directly from the force acting on the plate 
if the width of the plate is known.  
Typically, the surface pressure is depicted as a function of the trough area or the mean 
molecular area. The resulting compression isotherm can be separated in different 
characteristic regimes, especially in the case of low molecular surfactants (Figure 5). 
During compression, surfactants change their arrangement at the interface, going from a 
gas-like (G) state with zero interaction and thus vanishing surface pressure to a liquid 
expanded (LE) and liquid condensed (LC) state. At high compression, a solid-like 
monolayer (S) is achieved that collapses under continuing compression. The coexistence 
of different states can be related to areas of constant surface pressure. 
 
Figure 5. Schematic surface pressure-area compression isotherm of low molecular surfactants. 
The molecules change their orientation from a) gaseous (G) over b, c) liquid expanded (LE) and 
d) liquid condensted (LC) to e) solid (S). f) At high compression, the monolayer collapses.
[1]
 
Reprinted from reference 1 with permission from Elsevier. 
However, this schematic description cannot be transferred directly to the compression of 
particles at interfaces. When for instance silica particles at an oil-water interface are 
compressed, the surface pressure rises sharply as soon as the particles start to interact and 
no different particle arrangements can be distinguished.
[3-4]
 The interaction of microgels 
at interfaces under compression is different due to the softness of the particles (chapter 
6).
[5-6]
 
The monolayer formed at the interface can be transferred to solid substrates for 
subsequent imaging using the Langmuir-Blodgett technique (Figure 6). The Langmuir 
trough is modified in a manner that allows a solid substrate to be lifted through the 
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monolayer without disturbing the interface. It is thus possible to image the particles at 
different compression states and surface pressures.  
 
Figure 6. Schematic description of the Langmuir-Blodgett technique in a Langmuir trough. The 
solid substrate is lifted through the microgel monolayer to transfer the microgels to the substrate 
for subsequent imaging with, for instance, AFM.  
3.2 Freeze-Fracture Shadow-Casting Cryogenic Scanning Electron 
Microscopy  
Freeze-fracture shadow-casting cryogenic scanning electron microscopy (FreSCa cryo-
SEM) was developed recently and offers the possiblity to determine the contact angle of 
single particles at liquid-liquid interfaces very precisely.
[7-8]
 The particles self-assemble at 
the interface from the bulk phase and the sample is subsequently jet-frozen in a sandwich 
copper holder. Fracturing of the interface reveals the particles that are embedded in one 
part of the sample, leaving the corresponding holes in the other part. Unidirectional metal 
coating produces shadows behind protruding particles and the contact angle can be 
calculated from the length of the shadow. Refer to the literature for a detailed description 
of FreSCa cryo-SEM and calculations of the contact angle.
[7-8]
 Another advantage of this 
method is that large arrays of particles can be produced very easily, allowing exact 
analysis of the arrangement and distribution of particles at liquid interfaces. Other 
methods to visualize single nanoparticles at interfaces trap the particles at the interface by 
covering them with a polymer solution. After polymerization, the resulting polymer-
particle film is removed from the interface and imaged to gain information about 
arrangement and location of the particles at the interface.
[9-11]
 
The investigation of particle-covered interfaces in emulsions can also be done with 
conventional cryo-SEM, where a drop of the emulsion is frozen and the droplet surface is 
imaged after fracturing. However, FreSCa cryo-SEM has several advantages over 
conventional cryo-SEM:  
 Clear statements about the side from which the particles are imaged can be made. 
 No curvature effects have to be considered as the flat, unbent interface is imaged. 
 Long-range arrangement can be imaged. 
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When it comes to the analysis of the microgel arangement in emulsions, the flat, artificial 
interface imaged with FreSCa does not reflect the actual appearance of emulsion droplets, 
and conventional cryo-SEM may be the better choice. Differences between the two 
methods are for instance the preparation method, the concentration of particles in the 
liquid phase and the equilibration time between sample preparation and imaging. 
Nevertheless, FreSCa cryo-SEM gives important information about the structures of 
microgels at oil-water interfaces, especially about their 3D arrangement and localization 
at the interface and the degree of deformation. 
3.3 Dynamic Light Scattering and Small-Angle Neutron Scattering 
Only a brief introduction to scattering will be given in the scope of this thesis. For an 
extensive description of scattering methods applied to soft condensed matter and contrast 
variation in neutron scattering refer to standard literature.
[12-19]
 
Dynamic Light Scattering 
Dynamic light scattering (DLS) is a valuable tool to determine the particle size in diluted 
systems. It is based on the intensity fluctuations of particles induced by Brownian motion 
in a laser beam. The scattered intensity is measured in a certain angle described by the 
scattering vector q that characterizes the difference between incoming and scattered 
beam. 
   
   
 
   
 
 
 ( 5 ) 
n is the refractive index of the solvent, λ the laser wavelength and θ the scattering angle. 
Intensity fluctuations over a certain period of time result in a normalized time 
autocorrelation function g
(2)(q,τ). τ is the characteristic decay time of the scattered 
intensity. 
 
  
         
                 
       
  ( 6 ) 
A normalized intermediate scattering function f(q,τ) can be calculated using the Siegert 
relation. The function f(q,τ) describes changes in the particle configuration with time. 
   
                     ( 7 ) 
The diffusion coefficient D0 can be determined from the intermediate scattering function. 
                 
    ( 8 ) 
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This allows direct calculation of the hydrodynamic radius Rh in dilute systems using the 
Stokes-Einstein equation.  
 
   
   
     
 ( 9 ) 
kb is the Boltzmann constant and η the dynamic viscosity of the solvent. In case of 
polydisperse samples with narrow size distribution, the mean diffusion coefficient can be 
determined with the cumulant method and a series expansion of f(q,τ). 
 
               
 
 
 
         
    
             ( 10 ) 
Small-Angle Neutron Scattering 
Neutron scattering measures the scattering intensity of a sample at the scattering vector q. 
 
  
  
 
   
 
 
 ( 11 ) 
The scattering of a particle gives a specific scattering profile where the intensity 
decreases with q. This scattering profile is called particle form factor P(q) and shows a 
characteristic shape depending on the overall form and the internal network of the 
particle.  
Microgels consist of a crosslinked polymer network with inhomogeneous crosslink 
distribution. Due to different reactivity of monomers and crosslinker, the crosslink 
density decreases towards the periphery of the microgel (Figure 1). Thus, the form factor 
of homogeneous spheres does not apply to microgel particles but has to be modified:
[20]
  
 
      
                    
     
     
         
 
 
  
 
 ( 12 ) 
R denotes the distance at which the polymer density has decreased to half the core density 
and σsurf gives a measure for the thickness of the fuzzy layer of the microgel. From these 
values, the radius RSANS can be calculated as RSANS = R + 2σsurf. This radius is slightly 
smaller than the hydrodynamic radius determined in DLS.  
At high q limit, Porod’s law can be used to gain information about the surface of an 
object.
[18, 21-22]
  
 
   
   
     
       
  
 
 
 ( 13 ) 
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A decrease of the intensity with q
-4
 in the Porod regime represents a sharp interface of the 
scattering material whereas deviations from this slope indicate a rough surface or a 
continuous profile of the interface. The intensity decreases with q
-6 
in the latter case.
[18]
 
The scattering intensity is influenced by the scattering length density (SLD) ρ. In neutron 
scattering, ρ depends on the nucleus of the scattering atom in an unsystematic way, 
offering the possibility to take advantage of different scattering length densities of nuclei 
and to perform contrast variation experiments. Hydrogen and deuterium are especially 
suited for contrast variation experiments due to the large difference in scattering length 
density.
[17]
 Specific use and exchange of hydrogen with deuterium offers a variety of 
possibilities to investigate systems containing more than one species or inhomogeneous 
particles like core-shell particles. Deuteration of solvents and/or particles allows masking 
features, resulting in only one species contributing to the scattering intensity. The point 
where the SLD of two species match and thus have the same contrast is called point of 
zero average contrast (ZAC point). The ZAC point can be determined experimentally by 
measuring the scattering intensity at            of different contrasts, for instance 
microgels in different ratios of D2O and H2O. Plotting this intensity as a function of the 
solvent ratio gives a parabolic where the minium represents the solvent composition at the 
ZAC point. In some cases, the ZAC point might be easier to determine by plotting the 
square root of I instead.
[23-25]
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4. Macro- and Microscopic Investigation of Microgel-Covered 
Emulsion Droplets 
4.1 Abstract 
Microgel-stabilized emulsions were prepared with an excess of microgels in the aqueous 
phase and with the limited coalescence technique. The emulsions were then analyzed 
regarding their macroscopic appearance and droplet size and aggregation were 
qualitatively evaluated using a light microscope. The temperature-and pH-responsiveness 
of the emulsions was shown using the example of P(NiPAm-co-MAA) microgels: the 
emulsions became unstable and underwent droplet coalescence when the temperature was 
raised or the pH was changed. Additionally, the microgel arrangement and shape at the 
droplet surface was investigated with cryo-SEM, revealing the structure of microgels at 
the interface. No explicit correlation between microgel morphology and the structure at 
the interface was found. Similarly, the presence of charges did not influence the 
arrangement of microgels. Close hexagonal arrangement with the particle diameter 
equaling the particle distance was found for the conventional emulsions. Emulsions 
prepared with the limited coalescence technique showed additional types of arrangement, 
namely the formation of patches of close packed microgels, hexagonal arrangement with 
the distance being larger than the particle diameter and random arrangement. 
Additionally, contact zones between adjacent droplets were also investigated.  
4.2 Introduction 
When emulsions are stabilized with microgels, the pH- and temperature-responsiveness 
of the microgels is transferred to the corresponding emulsions. For instance, emulsions 
stabilized with P(NiPAm-co-MAA) microgels break when the pH is lowered and the 
microgels become uncharged. Increasing the temperature above the VPTT also leads to 
droplet coalescence resulting in phase separation.
[1-2]
 However, if octanol is used as oil, 
emulsions are also stable when the microgels are uncharged.
[3]
 This illustrates the 
influence of the oil type on emulsion behavior. Additionally, the type of emulsion (oil-in-
water or water-in-oil) depends strongly on the oil type.
[3-4]
  
Microgel-stabilized emulsions have different macroscopic appearances depending on the 
preparation method, the microgel concentration in the aqueous phase, the temperature and 
the shear rate during emulsification. For instance, emulsions prepared using the limited 
coalescence technique show increased tendency for droplet bridging compared to 
conventionally prepared emulsions when excess microgels are present in the aqueous 
phase. Flocculation and adhesion of droplets can be reduced by either using small 
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microgels,
[5]
 reducing the shear rate during emulsification
[6]
 or preparing emulsions at 
temperatures above the VPTT.
[7]
  
Cryo-SEM is a valuable tool to investigate the arrangement and morphology of microgels 
at the surface of emulsion droplets. This technique allows to freeze emulsions with liquid 
nitrogen and thus to preserve and reveal the structure of the liquid emulsion in the frozen 
state. Different types of emulsions have been imaged with cryo-SEM recently: emulsions 
with excess microgels, either charged or uncharged, in the liquid phase,
[8-9]
 emulsions 
containing microgels with different core-shell structures,
[3]
 stabilized with pure PNiPAm 
microgels and prepared with the limited coalescence technique
[5-7, 10]
 or microgel-
stabilized inverse emulsions (water-in-oil emulsions).
[3-4]
 The emulsions show different 
arrangements of microgels depending on the morphology of the microgel, the size and the 
presence of charges, the applied shear force and the temperature during emulsification 
and the concentration of microgels in the aqueous phase.  
First experiments indicated that the microgels form a denser network at the interface in 
the uncharged state than in the charged state. This leads to an increased stiffness of the 
interface and thus decreased emulsion stability.
[8-9]
 Later on it was shown that core-shell 
microgels form clusters and close packed structures at the interface, independent of the 
microgel morphology and the presence of charges. It was concluded that the location of 
charges is not relevant for emulsion stability and microgel arrangement, but the presence 
of charges is a crucial factor influencing emulsion stability.
[3]
 However, pure PNiPAm 
microgels that did not contain any charges were shown to be effective emulsion 
stabilizers if the crosslink-density is sufficiently low. These emulsions were prepared with 
the limited coalescence technique and the microgels formed a hexagonal array at the 
interface. The organization of microgels in patches and domains of close packed 
microgels was observed when the emulsion was produced at temperatures above the 
VPTT followed by rapid quenching to room temperature. In this case, droplets did not 
undergo bridging and the emulsion stayed fluid, in contrast to the emulsion appearance at 
room temperature.
[7]
 The hexagonal arrangement of microgels at droplet surfaces was also 
revealed using confocal microscopy techniques.
[11-14]
 
4.3 Macroscopic Investigation of Emulsions 
4.3.1 Results 
Three different microgels containing N-isopropylacrylamide (NiPAm) and methacrylic 
acid (MAA) as monomers were used for the investigation of the emulsion stability. The 
first microgel is a P(NiPAm-co-MAA) copolymer containing 6.3 ± 0.6 wt% MAA, 
abbreviated as CC (charged core) in the following section. The other microgels are core 
shell microgels where the CC microgel is covered by a pure PNiPAm shell. They differ in 
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the thickness of the shell. The ratio of core microgel : shell monomers in the synthesis is 
1:1 (w:w) and 1:2 (w:w), respectively, and the microgels are thus abbreviated 
accordingly. The content of MAA is 3.4 ± 0.3 wt% (CS1:1) and 2.8 ± 0.5 wt% (CS1:2). The 
size of the microgels at different pH and temperatures is given in (Table 1 and Figure 77 
and Figure 78). The MAA units are uncharged at low pH and charged at high pH and due 
to the different morphology of the microgels, the charge distribution at high pH is 
different. The uncharged shell of the core-shell microgels shields the charges from the 
outside at high pH as it is demonstrated by changes in the electrophoretic mobility 
(Figure 79).  
Emulsions prepared with the microgels CC, CS1:1 and CS1:2 are all stable at room 
temperature over at least several months, but still there are differences in the 
macroscopical appearance of the emulsions. As an example, Figure 7 shows emulsions 
stabilized by different microgels at high and low pH and emulsified with an Ultra-Turrax 
homogenizer at 8000 rpm for 1 min.  
 
Figure 7. Heptane-in-water emulsions at pH 3 and pH 9, stabilized with P(NiPAm-co-MAA) 
microgels of different morphology (1.5 wt% microgel in the aqueous phase). Heptane was dyed 
with sudane blue. Emulsification was performed with an Ultra Turrax at 8000 rpm for 1 min. 
A comparison of emulsions stabilized with the same microgel at high and low pH shows 
that droplets tend to aggregate if the microgel is uncharged (pH 3). This is especially 
valid for the microgel CC1:2 but can also be observed in the case of CC and CS1:1. 
Furthermore, the CC microgel at pH 9 shows the most fluid behavior when moving the 
vial which indicates either a smaller droplet size or less aggregated droplets. However, 
the rheological behavior of the emulsions and the droplet size distribution was not 
investigated in more detail. The lower aqueous phase of the emulsions is turbid due to the 
excess of free microgels.  
Besides their macroscopic appearance, emulsions can be characterized using a light 
microscope. Different drop size distributions, tendencies to coalescence, the deformation 
of droplets and the presence of aggregates can be observed (Figure 8). These different 
appearances depend on parameters as the presence of charges, the size and concentration 
of microgels and the applied shear force during emulsification (see discussion). The 
deformation of droplets shows their high stability towards external forces. 
EMUSLSIONS AND CRYO-SEM 
23 
 
Figure 8. Light microscope images as examples for different emulsion structures. a, b) relatively 
small drop size distribution without aggregation; c, d) higher drop size distribution, drops are 
deformed due to squeezing; e, f) large drop size distribution, large drops tend to coalesce, small 
drops tend to aggregate; g) partly aggregated emulsion; h) completely aggregated emulsion. 
Emulsions prepared with the limited coalescence technique contain no excess microgels 
in the aqueous phase. Instead, all microgels are adsorbed to the oil-water interface. The 
concentration regime of limited coalescence was not exploited in detail in this study. For 
an extensive study of limited coalescence applied to microgel-stabilized emulsions refer 
to the literature.
[4-7, 10, 15-18]
 Some of the emulsions for cryo-SEM observations were 
prepared using a concentration of 0.05 wt% microgel in the aqueous phase which lies in 
the concentration regime of limited coalescence. These emulsions were aggregated and 
fragile against movements of the vial, resulting in quick phase separation. The lower 
aqueous phase is almost clear after emulsification, indicating that there are no or very 
little excess microgels in the aqueous phase (Figure 9).  
 
Figure 9. Heptane-in-water emulsions stabilized with P(NiPAm-co-MAA) microgels of different 
morphology at pH 9 (0.05 wt% microgel in the aqueous phase). Emulsification was performed 
with an Ultra Turrax at 8000 rpm for 1 min.  
Temperature- and pH-Responsiveness 
The temperature- and pH-responsiveness of the emulsions was investigated with a set of 
samples that was emulsified by vigorous shaking by hand for 1 min. The emulsions show 
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no droplet aggregation at pH 9 but strong foaming after emulsification. This is in 
agreement with previous results showing that a low shear rate during emulsification 
results in less bridging and aggregation of the emulsion droplets.
[6]
 These emulsions were 
exposed to a temperature of 50°C for 20 min (Figure 10).  
 
Figure 10. Heptane-in-water emulsions at pH 3 and pH 9, stabilized with P(NiPAm-co-MAA) 
microgels of different morphology (1 wt% microgel in the aqueous phase). Heptane was dyed with 
sudane blue. Emulsions are shown before (left) and after being exposed to 50°C for 20 min 
(right). Emulsification was performed by shaking by hand for 1 min. 
A decomposition and phase separation can be observed for all emulsions at pH 3, whereas 
emulsions prepared at pH 9 are still stable. They show decreased foam volume and 
increased droplet size but the difference in stability compared to the emulsions at pH 3 is 
still significant. 
The pH-responsiveness was investigated by adding NaOH or HCl solution to the 
emulsions. Increasing the pH above 3 does not lead to any visible macroscopic changes in 
the emulsions’ appearance but lowering the pH below pH 9 induces coalescence of 
droplets and a strong increase in droplet size (Figure 11 and Figure 12).  
 
Figure 11. Heptane-in-water emulsions stabilized with P(NiPAm-co-MAA) microgels of different 
morphology (1 wt% microgel in the aqueous phase) at pH 3 (left) and after addition of 200 µL 
0.1M NaOH and 70 µL 1M NaOH (right). Heptane was dyed with sudane blue. Emulsification was 
performed by shaking by hand for 1 min. 
It was tested that the emulsions did not change because of the increased volume of the 
aqueous phase after addition of base or acid. The same experiments were performed with 
pure water and no change in the droplet size was observed. These results give a 
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qualitative impression of the responsiveness of microgel-stabilized emulsions to pH and 
temperature. It should be kept in mind that changes in the emulsion appearance 
(aggregation, droplet size etc.) can lead to different reactions to external stimuli. 
 
Figure 12. Heptane-in-water emulsions stabilized with P(NiPAm-co-MAA) microgels of different 
morphology (1 wt% microgel in the aqueous phase) at pH 9 (left) and after addition of 400 µL 
0.1M HCl (right). Heptane was dyed with sudane blue. Emulsification was performed by shaking 
by hand for 1 min. 
4.3.2 Discussion 
Different types of emulsions can be produced depending on parameters like  
 microgel concentration 
 microgel size  
 the shear force applied during emulsification 
 the presence of charges in the microgel 
 microgel morphology, i.e. the location of charges in the microgel 
There are some qualitative observations that can be made concerning these parameters 
that have already been observed previously for emulsions prepared with the limited 
coalescence technique but are also valid for conventionally prepared emulsions. 
 A high microgel concentration leads to less droplet aggregation. Especially 
concentrations below c = 0.1 wt% microgel in the aqueous phase lead to strong 
aggregation.  
 A low concentration leads to increased droplet size. The limited coalescence 
technique uses this mechanism to produce larger droplets due to intended 
coalescence of droplets.
[10, 15]
 
 Large microgels increase the droplets’ tendency to aggregate.[5] This has been 
observed for microgels with a diameter larger than 1 µm (SAS microgels used in 
chapter 8). 
 High shear force during emulsification leads to aggregation and bridging of 
droplets.
[6]
 Some emulsions are aggregated when emulsification is performed with 
an Ultra Turrax. However, aggregation can be avoided when emulsification is 
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performed via shaking by hand instead of using an Ultra Turrax. Naturally, 
properties like, for instance, the droplet size distribution are also altered when the 
emulsification method is changed.  
 High shear force leads to smaller droplets and smaller droplet size distribution in 
the case of emulsions that are not aggregated.  
In general, it can be stated that emulsions are a very delicate system and the structure and 
appearance of the emulsion depends on many factors, some of which are mentioned 
above. There have been some previous studies on emulsions with high microgel 
concentration (1 wt% in the aqueous phase) concerning the influence of temperature, pH 
and the presence and location of charges in the microgels.
[1-3, 8-9, 11]
 It has been reported 
that emulsions break when the temperature is increased above the VPTT and the pH is 
decreased. Phases separate and microgels form an agglomerate and can thus be separated 
from the liquid phases.
[2]
 Such an agglomeration of microgels could not be observed in 
this study. Instead, after raising the temperature above the VPTT the microgels left the 
interface and were evenly dispersed in the aqueous phase again (Figure 10). However, 
this is only valid for emulsions prepared at pH 3. No phase separation could be observed 
at elevated temperatures when the microgels are charged (pH 9). This is the case for the 
CC microgels as well as for the CS1:1 and CS1:2 microgels, indicating that not the location 
of charges but their overall presence is essential for the stability of the emulsion. This has 
already been observed previously by Schmidt et al..
[3]
 However, they could not produce 
stable emulsions at pH 3. Contrary to that, stable emulsions, though more prone to 
aggregation, could also be obtained at pH 3 in the present study (Figure 10). As the size 
and crosslinker content of the CC and CS microgels are different from the ones used in 
the study of Schmidt et al., it is not surprising that different emulsions are obtained even 
though the same monomers were used. Additionally, it has been shown by Destribats et 
al. that charges are not crucial for the production of microgel-stabilized emulsions.
[4-7, 10]
 
Changing the pH after emulsification leads to coalescence of droplets, which is more 
pronounced when the pH is changed from pH 9 to pH 3 than vice versa (Figure 11 and 
Figure 12). 
4.4 Microscopic Investigation of Emulsions 
4.4.1 Results 
Cryo-SEM of Emulsions with High Microgel Concentration 
Heptane-in-water emulsions with the microgels CC and CS1:2 at pH 3 and pH 9 (1.5wt% 
microgel in the aqueous phase), prepared either by shaking by hand or homogenizing with 
the Ultra Turrax, were investigated with cryo-SEM. Example images are shown in Figure 
13.  
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Figure 13. Cryo-SEM images of microgel-stabilized heptane-in-water emulsions. a, b) CC 
microgel at pH 3, emulsion was prepared by shaking by hand (sample 1 in Table 1); c, d) CS1:2 
microgel at pH 9, emulsion was prepared by shaking by hand (sample 6 in Table 1). Images were 
taken at the DWI, Leibniz Institute for Interactive Materials at the RWTH Aachen University. 
The interfacial coverage was not uniform for one sample and was not influenced clearly 
by pH or microgel morphology. In most samples, microgels were packed closely at the 
interface and their visible size was significantly smaller than in bulk, with the particle 
distance being smaller than the size in bulk. Microgel domains formed in some areas of 
the droplets and the surface showed cracks in some cases. These cracks are due to sample 
preparation, but it can be assumed that cracking occurs preferentially where the interface 
is not covered with microgels, i.e. where microgels assemble in domains. There are also 
droplets covered with different structures, indicating that the structures do not depend on 
the pH or the morphology of the microgels. No core-corona structure of the microgels can 
be observed at the interface. 
Cryo-SEM of Emulsions Prepared with the Limited Coalescence Technique 
Cryo-SEM images show different features of emulsions stabilized with microgels at low 
concentration (0.05 wt% in the aqueous phase). Similar to the emulsions with 
concentrations of 1.5 wt% (Figure 13), no significant differences concerning the 
influence of pH and microgel morphology can be detected. Close packed microgels, 
sometimes ordered in patches, cover large areas and there are regions where the microgels 
form a very regular hexagonal layer with distances larger than the particle size. 
Furthermore, it seems as if the microgel arrangement was influenced by the curvature of 
the interface. For instance, Figure 14a shows different arrangement at the curved 
interface.  
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Figure 14. Cryo-SEM images of microgel-stabilized dodecane-in-water emulsions of the CC 
microgel at pH 3 (sample 7 in Table 2). a) close and non-close hexagonal packing; b) contact of 
two adjacent droplets; c) different types of microgel arrangement in close proximity with contact 
zones; d) microgel monolayer in the contact zone of droplets. Images were taken at the Centre de 
Ressources en Microscopie Electronique et Microanalyse (CREMEM) de la Université de 
Bordeaux. 
When the interface is rather flat, a more homogeneous packing is observed. The contact 
region of two droplets can also be visualized because the emulsion is aggregated (Figure 
14). The contact area can be seen from the side and from above. The side view reveals 
that a monolayer of microgels connects the droplets. The top view shows that the 
microgel arrangement at the contact areas differs from that of the surrounding droplet.  
There are some additional features that only appear in some images. Figure 15b shows 
that the microgels can be deformed hexagonally when they are compressed towards each 
other, forming a honeycomb-like structure. It is striking that the visible size of the 
microgels in this case is very different from the size of the microgels on the lower left 
side of the image. This indicates that different forces influencing microgel deformation 
are not homogeneous in all parts of the interface. Thus, not only the arrangement but also 
the mode of deformation differs. Additionally, some images show a core-corona structure 
of microgels, as it has also been observed previously. This cannot be seen when the 
microgels are closely packed, indicating that the coronas are either compressed or that the 
close packing prevents the fuzzy layer of the microgels from spreading at the interface. 
The size of the core in the core-corona state is larger than the size in the close-packed 
state (Table 2). This indicates that the microgels are indeed compressed when they are 
closely packed.  
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Figure 15. Cryo-SEM images of microgel-stabilized dodecane-in-water emulsions of the CS1:2 
microgel at pH 9 (sample 10 in Table 2). a) microgel arrangement in domains and hexagonal 
packing; b) close packing where microgels are deformed hexagonally; c) large view of a droplet 
with different types of arrangement and several contact zones; d) contact zone between two 
adjacent droplets. Images were taken at the Centre de Ressources en Microscopie Electronique 
et Microanalyse (CREMEM) de la Université de Bordeaux 
Contact zones can be seen in Figure 15c and Figure 15d where it is very obvious that the 
microgels arrange differently than at the free interface. In these zones, different structures 
can be observed. On the one hand, there is a wavy structure where no individual 
microgels can be distinguished (Figure 15c). On the other hand, the contact zone in 
Figure 15d shows dents where supposedly the microgels are situated. There is no 
preferred structure of the contact zones. 
If the temperature is raised for some minutes before image acquiring, the solvent 
sublimates and exposes detailed microgel structures (Figure 16). In some cases, the 
homogeneous structure is destroyed by sublimation and the network is ruptured (Figure 
16a). Microgels form a thin network that is interconnected by polymer filaments, 
representing the stretching of the thin, loosely-crosslinked polymer shell at the surface. 
Furthermore, two aggregated droplets are connected by a thin microgel monolayer 
(Figure 16b) showing again the bridging of microgels between two adjacent droplets. 
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Figure 16. Cryo-SEM images of microgel-stabilized heptane-in-water emulsions of the CS1:2 
microgel at pH 9 after sublimation (sample 11 in Table 2). Microgels are connected by filaments 
and form thin layers that are exposed after the solvent was removed by sublimation. Heptane was 
used for easier sublimation instead of dodecane. Images were taken at the Centre de Ressources 
en Microscopie Electronique et Microanalyse (CREMEM) de la Université de Bordeaux 
4.4.2 Discussion 
First, it must be stated that it is difficult to determine unambiguously from which side the 
droplets are imaged, i.e. if the droplets are protruding and microgels are seen from the 
water side (in the case of o/w emulsions) or if the droplets were removed during 
fracturing and left imprints so that the microgels are seen from the oil side. Despite this 
unresolved issue, an analysis of the arrangement and size of microgels at the surface of 
emulsion droplets is presented in this chapter. 
Different arrangements of microgels at the interface can be observed in the cryo-SEM 
micrographs: 
• close hexagonal packing over long distances  
• clusters containing close packed microgels  
• non-close hexagonal packing  
• random arrangement 
• close packing with hexagonally deformed microgels 
Additionally, a core-corona structure of microgels at the interface can be observed in 
some images and contact zones between droplets show structures that do not appear at the 
free interface. There is no systematic difference in the structure of the charged and 
uncharged state or for core- and core-shell microgels and different structures are found in 
very close proximity. This shows that the arrangement is not primarily influenced by the 
charges or the morphology of the microgels. 
It has been shown that temperature and shear rate influence the emulsion properties as 
well as the microgel appearance at the interface.
[6-7]
 Thus, small local differences in the 
shear rate or the temperature may influence the microgel arrangement. Controlled 
emulsion preparation, e.g. via membrane emulsification or the use of microfluidic 
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devices,
[11, 19-21]
 produces uniform droplets and may thus promote a homogeneous 
arrangement of microgels throughout the interface. 
Furthermore, it is not necessary for the interface to be completely covered with polymer 
segments to produce a stable emulsion, as it has also been shown in TXM experiments 
(chapter 8).
[22]
 Emulsions prepared with the limited coalescence technique (Figure 14 and 
Figure 15) exhibit areas with non-close packing of the microgels. In these cases, a core-
corona structure of the microgels increases the interfacial polymer coverage, but still the 
interface is not completely covered with polymer segments.
[10, 23]
 However, it cannot be 
excluded that the part of the microgels concealed below the interface spreads even further 
at the interface, but a connection between neighboring microgels is unlikely in some cases 
due to the large center-to-center distance. 
Concerning the size of the visible part of the microgels at the interface, different 
observations can be made. First, the size of microgels in the close packed state is 
generally smaller than the size in bulk. Second, if the microgels are not close packed, they 
adopt a core-corona structure where the size of the core is larger than in the close packed 
state and the size of the corona is similar to or slightly larger than the size in bulk. Details 
are given in Table 1 and Table 2. Consequently, no pronounced deformation or 
spreading of the microgels can be observed, contrary to what was observed in other 
studies.
[10, 23]
 The ratio of corona and core, i.e. the degree of internal deformation, is 
between 1.4 and 1.6, similar to the deformation around 1.5 measured in FreSCa cryo-
SEM where the same microgels assembled to a flat interface from the bulk subphase 
(chapter 4).
[23]
 This shows that the internal deformation is independent of the size at the 
interface.  
Microgels are compressed when close packing dominates the structure as the center-to-
center distance is smaller than the size of the microgels in bulk. The ratio of dinterface to dh 
is between 0.5 and 0.6 for most of the samples, showing again the strong compression of 
the microgels. A compression of microgels at the interface was observed previously when 
emulsions are prepared at T > VPTT and subsequently quenched to room temperature.
[7]
 
Moreover, microgels adsorb spontaneously in the compressed state as it has been shown 
by a comparison of compression isotherms and interfacial tension measurements.
[18]
 This 
compression indicates that the microgels deform perpendicular to the interface. 
The adhesion angle between two adjacent droplets is 55° ± 9° for the CC microgel at 
pH 3 and 55° ± 8° for the CS1:2 microgel at pH 3. The droplets in the case of the CC1:2 
microgel at pH 9 have an adhesion angle of 85° ± 10°. These results may indicate that the 
adhesion angle is higher when droplets are covered with charged microgels. If it is 
assumed that the charged microgels have a higher deformability than the uncharged ones, 
these results are not consistent with previous studies which revealed that microgels with 
higher crosslink density (i.e. lower deformability) produce higher adhesion angles.
[7]
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Unfortunately, no adjacent droplets with adhesion angles were present in the case of the 
CC microgel at pH 9 and consequently no definite conclusions concerning the influence 
of charges on the adhesion angle can be drawn.  
4.5 Conclusion 
The responsiveness of PNiPAm-based microgels is transferred to emulsions when 
microgels are used as stabilizers. The stability of the corresponding emulsions depends on 
the temperature and the presence of charges in the microgel. The macroscopic appearance 
of microgel-stablized emulsions changes when parameters like microgel concentration 
and size or the shear rate during emulsification are varied. The droplets are covered with 
different types of microgel arrangements, ranging from close packing to hexagonal 
packing where the microgels are separated from each other and adopt a core-corona 
structure. No systematic dependence on microgel size, morphology or charges can be 
detected. Instead, different types of packing are present at the interface in close proximity. 
This can be attributed to local differences in the shear force during emulsification, 
concentration gradients or local temperature differences. Nevertheless, emulsions 
produced with high microgel concentration have a qualitatively higher interfacial 
coverage with close packing dominating the structure. Contrarily, droplets of emulsions 
produced using the limited coalescence technique also contain areas with incomplete 
polymer coverage. It can thus be hypothesized that the concentration of microgels in the 
aqueous phase influences the arrangement at the interface. 
4.6 Materials and Methods 
Materials. N-isopropylacrylamide (NiPAm, Acros Organics, 99%), methacrylic acid 
(MAA, ABCR, 99%, stabilized with 100-250 ppm hydroquinone or 4-methoxyphenol), 
N,N’-methylenebisacrylamide (BIS, AppliChem, molecular biology grade), potassium 
persulfate (KPS, Merck, 99%), the fluorescent label methacryloxyethylthiocarbamoyl-
rhodamine B (MRB, PolySciences), sodium dodecylsulfate (SDS, Merck, 99%), n-
heptane (Merck, 99%) and n-dodecane (Sigma-Aldrich, 99%) were used as received. 
Doubly distilled Milli-Q water was used for synthesis and characterization of the 
microgel and preparation of the microgel dispersions for emulsion preparation. 0.1M HCl 
and 0.1M NaOH were used to adjust the pH if necessary.  
Microgel synthesis and characterization. Microgels were prepared by precipitation 
polymerization with surfactant. The synthesis and characterization is described in detail 
elsewhere and is also explained in the appendix (chapter 14). 
[23]
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Emulsion preparation. The aqueous phase of the emulsions was a 1 wt%, 1.5 wt% or 
0.05 wt% microgel dispersion at either pH 3 or pH 9. All emulsions were prepared with a 
volume ratio of oil:water = 3:7 using n-heptane or n-dodecane as oil phase, resulting in 
1.8 mL:4.2 mL for emulsions prepared with an Ultra Turrax in 20 mL vials and 0.6 
mL:1.4 mL for emulsions prepared with shaking by hand in 4 mL vials. n-heptane was in 
some cases dyed with sudane blue to facilitate distinguishing of the oil- and water phase. 
Emulsification was performed either with an Ultra-Turrax Homogenizer at 8000 rpm for 
1 min or by vigorous shaking by hand for 1 min. All emulsions were prepared at room 
temperature (23 ± 2°C).  
Cryo-SEM. Cryo-SEM measurements were performed in the DWI, Leibniz Institute for 
Interactive Materials at the RWTH Aachen University and at the Centre de Ressources en 
Microscopie Electronique et Microanalyse (CREMEM) de la Université de Bordeaux.  
Cryo-SEM at the DWI was performed at a Hitachi S-4800 electron microscope. 10 µL of 
the emulsion were transferred to a copper cuvette so that a drop was formed on top of the 
cuvette. The sample was frozen with liquid nitrogen and transferred into the sample 
chamber (T = -140°C, p = 10
-6
 mbar). The drop was cut with a razor blade and the 
temperature was increased to -95°C for three minutes. After decreasing the temperature to 
-140°C again, the sample was sputtered with Au/Pd to increase conductivity and imaged 
in the microscope. The procedure at the CREMEM was similar but the microscope was a 
JEOL 6700FEG electron microscope and a higher volume of the emulsion (100-200 µL) 
was frozen with liquid nitrogen. The sample chamber was held at -150°C and 10
-5
 mbar 
and sublimation at -95°C was only performed with one sample. A detailed description of 
the cryo-SEM procedures can be found in the literature.
[8, 10]
  
4.7 Supporting Information 
Table 1. Emulsions prepared with 1.5 wt% microgel in the aqueous phase for cryo-SEM 
investigation. Heptane was used as oil phase and the oil:water ratio was 3:7 (v:v). Sample 2 was 
aggregated, the other emulsions were fluid. dinterface: diameter of the microgel measured at the 
droplet surface in the cryo-SEM images. dh: hydrodynamic diameter of the microgel measured 
with DLS in bulk. 
sample preparation method dinterface [nm] dinterface/dh 
1 
CC pH 3 
dh = 276 nm 
handshake, 1 min 169±16 0.61±0.06 
2 CC pH 3 UT, 8000 rpm, 1 min 161±15 0.58±0.05 
3 
CC pH 9 
dh = 362 nm 
handshake, 1 min 189±22 0.52±0.06 
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4 CC pH 9 UT, 8000 rpm, 1 min 171±43 0.47±0.12 
5 
CS1:2 pH 3 
dh = 378 nm 
handshake, 1 min 214±18 0.57±0.05 
6 
CS1:2 pH 9 
dh = 400 nm 
handshake, 1 min 260±26 0.65±0.07 
 
Table 2. Emulsions prepared with 0.05 wt% microgel in the aqueous phase for cryo-SEM 
investigation. All samples were prepared with an Ultra Turrax and an oil water ratio of 3:7 (v:v). 
All emulsions were aggregated. Dodecane was used as oil phase for samples 7, 8, 9, 10. Sample 
11 was prepared with heptane and part of the water was sublimated before imaging. dcore and 
dshell are the diameters of the core and the shell (including core) measured at the droplet surface 
in the cryo-SEM images. dclose packing denotes the diameter of the microgels in the close-packed 
state at the interface, in contrast to dcore and dshell where the microgels were separated from each 
other. 
sample 
dcore 
[nm], 
dshell 
[nm] 
dcore/dh, 
dshell/dh 
dshell/dcore 
dclose packing 
[nm] 
(dhexagonal 
deformation [nm]) 
dclose packing/dh 
thickness 
interfacial 
layer [nm] 
7 
CC, pH 3,  
dh = 276 nm 
206±11 
306±13 
0.75±0.04 
1.11±0.05 
1.48±0.10 158±17 0.57±0.06 210±60 
8 
CC, pH 9,  
dh = 362 nm 
239±22 
387±33 
0.66±0.06 
1.07±0.09 
1.62±0.20 159±14 0.44±0.04 - 
9 
CS1:2, pH 3,  
dh = 378 nm 
272±23 
381±28 
0.72±0.07 
1.01±0.08 
1.40±0.17 209±25 0.55±0.07 146±14 
10 
CS1:2, pH 9,  
dh = 400 nm 
326±21 
501±17 
0.82±0.06 
1.25±0.06 
1.54±0.11 
290±20 
(543±24) 
0.72±0.06 
(1.36±0.08) 
148±12 
11 
CS1:2, pH 9, 
(sublimation) 
330±32 
442±28 
0.83±0.09 
1.11±0.08 
1.34±0.16 233±27 0.58±0.07 - 
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5. Unraveling the 3D Localization and Deformation of 
Responsive Microgels at Oil-Water Interfaces: a Step Forward 
in Understanding Soft Emulsion Stabilizersa 
5.1 Abstract 
Responsive microgels are deformable sub-micron cross-linked polymeric hydrogel 
particles which are used as a novel class of emulsion stabilizers. Their flexibility and the 
triggering of conformational changes by external stimuli lead to several advantages 
compared to rigid particles used in conventional Pickering emulsions. Despite their 
rapidly increasing use, several key aspects relating to microgel microstructure and 
localization at liquid interfaces are still unexplored. We present here a novel 
characterization which employs freeze-fracture shadow-casting cryo-SEM to disclose 
quantitative 3D information on the deformation and protrusion of microgels at oil-water 
interfaces. Despite the bulk pH response (swelling), we report here the unexpected 
absence of size and vertical position changes as a function of pH at liquid interfaces and 
interpret the results using simple arguments which link the particle interfacial activity, 
solvation and internal deformation. These results pave the way to a deeper understanding 
of a novel class of soft materials. 
5.2 Introduction 
Fluid interfaces (liquid/gas and liquid/liquid) are ubiquitous in Nature and are central to a 
host of industrial applications, ranging from the production of chemicals and 
pharmaceuticals to the mining and food industry. In particular, liquid/liquid interfaces are 
most often found in emulsions, microns to tens of nanometers droplets of one liquid phase 
dispersed in a second immiscible liquid. Due to the presence of excess interfacial area, 
emulsions are thermodynamically unstable and the system is driven towards free energy 
minimization (i.e. interfacial area minimization) by de-mixing through droplet 
coalescence. Emulsions can be rendered kinetically stable against coalescence by 
adsorbing amphiphilic molecules, proteins or micro- and nanoparticles (MPs/NPs) at the 
interface. These objects provide different mechanisms for stabilization, ranging from 
electrostatic repulsion between droplets stabilized by charged surfactants 
[1-2]
, to the 
formation of viscoelastic films of denatured proteins 
[3]
, to steric stabilization via 
irreversible trapping of MPs and NPs 
[4-5]
 or a combination of these effects.  
                                                 
a
 This chapter was published in Langmuir: K. Geisel, L. Isa, W. Richtering, Langmuir 2012, 28, 15770-
15776. 
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Recently a new class of materials has been successfully used to stabilize emulsion 
droplets: responsive microgels.
[6-20]
 These are soft, deformable, sub-micron cross-linked 
polymeric hydrogel particles, which, by tuning the polymer composition and architecture, 
can also show responsive properties (charge, swelling) as a function of pH or temperature 
changes.
[21]
 The use of microgels presents several advantages compared to rigid particles. 
Deformability of the particles makes it possible to achieve larger interfacial loadings, 
important for instance to fabricate capsules with controlled porosity.
[22-24]
 Moreover, the 
presence of a densely packed compliant shell can also have positive effects in avoiding 
coalescence upon severe droplet deformation.
[20]
 Responsiveness can be used to trigger 
controlled coalescence or droplet rupture, e.g. for smart delivery applications.
[25-26]
 
Despite all the practical advantages and the demonstrations that have already been 
realized 
[6-20]
, the mechanisms which govern emulsion stability using microgels are to 
date still not fully understood yet. For instance, effects such as the spatial distribution of 
charges and partitioning of polar oils inside the porous microgels, completely absent for 
hard particles, have been found to be highly significant.
[16, 18]
 In particular the role played 
by particle deformability, interface microstructure and mechanical properties still presents 
crucial open questions that can only be answered by direct visualization of the microgels 
in situ at the interface.  
Previous studies have shown that microgels at interfaces can be imaged by using freeze-
fracture cryo-SEM.
[10, 16-18]
 In these cases, the samples are prepared by freezing an 
emulsion, fracturing and exposing the surface of some droplets to be imaged with an 
SEM, either from the oil or the water side. These data are able to yield two-dimensional 
information on the interface microstructure and, at high magnification, can also reveal the 
conformation of individual microgels and highlight their deformation at interfaces.
[10, 16, 
18]
 The particles appear flattened and tend to form a network at the interface. In particular, 
recent measurements on poly-(N-isopropylacrylamide) microgels with different degrees 
of cross-linking (and thus deformability) have shown that microgels do deform at 
interfaces, with softer particles leading to higher emulsion stability.
[17]
 From these studies, 
it is obvious that soft microgels behave very differently at oil-water interfaces compared 
to rigid particles used for common Pickering emulsions.  
Despite these recent results, the determination of the vertical position of the microgel 
centers h relative to the interface still remains an open question. For rigid particles, 
knowing the center position relative to the interface, and thus the contact angle θ, holds 
the key to many crucial properties. Firstly, θ determines the particle binding energy at the 
interface
[27]
; for soft microgels a deformable, diffuse surface makes it difficult to define a 
clear three-phase contact line and thus a well-defined contact angle, but in any case being 
able to measure the protrusion height of the particles in one of the two phases yields 
precious information on the conformation of the particle at the interface and on its 
hydrophilic/hydrophobic character. Secondly, the contact angle determines the cross-
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section of a rigid particle at the interface and which portion of its surface is exposed to 
which fluid, thus determining the visco-elastic environment seen by the particle, which is 
directly linked to how it moves within the interface.
[28]
 The same holds for microgels, but 
with the additional complication that deformation at the interface can significantly distort 
the shape of the particle on either side of the interface, with consequences on particle 
dynamics. Finally, h also strongly influences the interactions between particles with direct 
consequences on the interface microstructure, as seen for charged rigid colloids whose 
surface goes from hydrophobic to hydrophilic.
[29-30]
 How these considerations apply to 
microgels is still a matter of open debate. 
In this paper we obtain for the first time direct three-dimensional (3D) information on the 
position and conformation of microgel particles at oil-water interfaces by using a recent 
development of freeze-fracture cryo-SEM termed freeze-fracture shadow-casting 
(FreSCa) cryo-SEM.
[31]
 The technique involves the preparation and freezing of 
millimeter-sized planar particle-laden oil-water interfaces which are subsequently 
exposed upon fracture and imaged with a cryo-SEM. 3D information on the particle 
position relative to the interface is obtained by coating the fractured interface with a thin 
tungsten layer at a 30° angle relative to the interface. Features protruding from the 
interface, such as colloidal particles, leave a shadow behind them; by measuring directly 
the particle size at the interface and the shadow length, one can calculate the vertical 
position of individual nanoparticles at the interface with sub-nanometer accuracy. The 3D 
measurements are accompanied by high-resolution imaging of the microgels which 
discloses their microstructure and reveals strong deformation at the interface.  
5.3 Results 
We have synthesized two types of microgels (schematically represented in Figure 17). 
The first consists of pH (and thermo-) sensitive poly-(N-isopropylacrylamide)-co-
methacrylic acid and is termed “core-microgel” in the following. The second has an 
additional purely thermo-responsive poly-(N-isopropylacrylamide) shell grafted onto the 
P(NiPAM-co-MAA) core and is termed “core-shell microgel”. Details on the chemical 
composition are given in the Methods section. The core microgels go from a neutral 
protonated state at pH 3 with hydrodynamic diameter in water dw of 276 ± 3 nm to a 
deprotonated, negatively charged state with a dw of 362 ± 4 nm at pH 9. The core-shell 
microgels, due to the presence of the non-pH-sensitive shell, exhibit a smaller pH 
response, going from dw = 378 ± 9 nm to dw = 400 ± 14 nm from pH 3 to pH 9. In other 
words, the core-shell particles do not swell significantly at high pH and the surface charge 
doesn’t change.[32-33] Previous investigations on the microgels in bulk[34] and at interfaces 
have shown that the polymer density across the particle is not uniform, with higher cross-
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linking in the center
[10, 17]
, leading to a core-corona morphology in both single and 
multiple component particles (Figure 17). 
 
Figure 17. Schematic representation of the microgels and their swelling behavior in bulk as a 
function of pH. The size ratios and the shell thicknesses are in approximate scale; counterions are 
not shown. Note that the density of the cross-linked core is varying from the center to the particle 
surface due to the nature of the synthesis procedure. This will have a consequence of the particle 
conformation at the interface. 
Figure 18 shows FreSCa cryo-SEM images of the core (top) and core-shell microgels 
(bottom) at pH 3 (left) and pH 9 (right) at the water-n-heptane interface imaged from the 
oil side. Several observations can be made from these images. From a simple 2D 
inspection of the interfaces, it appears evident that the microgels show in all cases a core-
corona morphology, irrespective of pH and particle architecture. The presence of a small 
depression in the microgel centers, visible in some cases, is probably due to sample 
preparation (most likely minor etching of the water inside the hydrated microgels during 
the freeze-drying step, see Methods section). As in the case of Figure 18a-b, at low local 
interfacial coverage, the shape of the individual particles is not affected by the presence 
of neighboring particles, while when particles get closer together (as in the case of some 
particles in Figure 18c), then the outer corona of the particles deforms, flattening along 
the contact line and hinting towards the formation of a tightly packed honeycomb 
structure. From the images we can directly measure the diameter of the particles at the 
interface di.  
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Figure 18. FreSCa cryo-SEM images of microgels at water-n-heptane interfaces imaged from the 
oil side. Coloring highlights the core-corona morphology at the interface for all samples. 
Table 3 summarizes the results and compares the sizes at the interface with the ones in 
bulk. It can be immediately observed that the microgels almost double in size at the 
interface compared to their dimensions in bulk water, implying a significant deformation 
at the interface. But perhaps the most striking observation is that, conversely to what one 
could have expected from the swelling behavior in bulk water, the size of the microgels at 
the interface does not depend on pH: average diameters are equal within the experimental 
errors for both core and core-shell particles. 
This unexpected result highlights once more the intriguing nature of the behavior of soft 
microgel particles at interfaces. From the images we can also determine separately the 
size of the highly cross-linked core and of the surrounding corona. This ratio is around 
1.5 for all particles, revealing that the internal structure of the microgels at the interface 
also does not depend on pH.  
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Table 3. Microgel properties. Comparison of the total microgel diameter in bulk (dw) and at the 
water-heptane interface (di), where the diameter of the highly cross-linked cores (dic) are also 
reported. The protrusion heights h and hc from the interface were calculated using the full 
diameters and the core diameters respectively, and the number of measured particles at the 
interface are also shown. Images were taken in several locations on a fractured interface and for 
several different samples. All dimensions are in nm and errors are standard deviations of the 
measured quantities. 
pH 3 
microgel type dw [nm] di [nm] di
c 
[nm] # part. h [nm] h
c 
[nm] 
core 276±3 559±49 358± 23 99 75±7 48± 3 
core-shell 378±9 642±66 436± 43 193 86±9 58±6 
pH 9 
microgel type dw [nm] di [nm] di
c 
[nm] # part. h [nm] h
c 
[nm] 
core 362±4 534±14 352± 10 114 72±3 47±2 
core-shell 400±14 671±22 438± 15 129 89±3 59±2 
In order to better understand the nature of the particle deformation and the reason for the 
unexpected absence of pH response at the interface, we turn to obtaining the vertical 
position of the microgels relative to the interface by exploiting the shadowing effect in 
FreSCa imaging. By examining Figure 18, it can be observed that no clear shadows are 
present behind the microgels at the interface. Due to simple geometrical considerations, 
no shadow can be cast by objects that have a slope lower or equal to the shadowing angle 
α = 30° (Figure 19a). If we assume a hard spherical object protruding from the interface, 
this implies a contact angle lower than 30°, where the contact angle θ is defined as 
θ = cos-1(|h-r|/r), where h is the protrusion height of the particle from the interface into 
the oil and r is its radius. Given the evidence of high deformation at the interface and the 
presence of a diffuse, lower density corona, such strict θ definition loses significance for 
our microgel particles. In any case an “effective contact angle” can still be defined by 
measuring h and the particle size at the interface (for a detailed derivation see
[31]
); the 
absence of a clear shadowing effect implies that the effective contact angle is lower than 
30° for all particles. Darker halos behind some of the particle cores, stemming from a 
thinner tungsten layer, imply partial shadowing and therefore indicate that the core 
“effective contact angle” is approaching 30°. In any case, no appreciable difference is 
found for the different microgels and pH values.   
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Figure 19. a) Geometrical representation of a non-deformable spherical particle at the interface 
where the metal evaporation α and the contact angle θ are identical. In this case no shadow is 
left behind the particle embedded in the ice and simple geometrical relations can be used to 
calculate h given the particle diameter at the interface di. The absence of a shadow for objects 
with a spherical (or less than) curvature implies effective contact angles lower than the 
evaporation angle. b) FreSCa image showing a clear shadow for a small ice crystal (circled in red) 
and the absence of it for the microgels (core microgel, pH 9). Approximating the shape of the 
small ice debris particle on the surface with a sphere, a protrusion height of 35 ± 5 nm can be 
calculated. 
If we take a limiting effective contact angle of 30° and measure the particle diameter at 
the interface di, assuming spherical curvature of the portion of the microgel exposed to 
the heptane, we can, using very simple geometrical relations, calculate the protrusion 
height h as    
  
     
          as reported in Table 3 (see Figure 19a for the 
geometrical details). For the core microgels a maximum protrusion height of 
approximately 70 nm is found for both pH values, while the core-shell microgels have 
maximum h values around 90 nm in both cases. The fact that both di and h do not depend 
on pH but dw does, implies that at pH 9 the protrusion height relative to the particle size in 
bulk is smaller for both microgel architectures. The same operation can be made using the 
diameter of the highly cross-linked core di
c
 and calculating the protrusion height h
c
. In 
this case we obtain maximum h
c
 of approximately 50 and 60 nm for core and core-shell 
particles respectively, irrespective of pH. h and h
c
 constitute limiting values, where the 
limitation stems from the absence of shadowing due to the particle localization at the 
interface and not from limitations in the spatial resolution of the imaging method. As a 
confirmation, in Figure 19b we show a close-up of the core microgels at the water-
heptane interface at pH 3 where an ice debris particle, much smaller than the microgels 
(diameter 38 ± 5 nm; 8 ± 1 pixels), is sitting at the interface with a clear shadow of length 
47 ± 5 nm (10 ± 1 pixels). Assuming a spherical shape and using the full calculations 
reported in
[31]
, the measured quantities correspond to a protrusion height of 35 ± 5 nm.  
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The fact that the majority of the particles is residing below the interface in the aqueous 
phase combined to water vitrification during freezing implies that the microgels are 
strongly embedded in amorphous ice and always end up on the water side upon fracture. 
It is therefore not possible to fracture the sample and observe particles protruding from 
frozen heptane, but hollow prints can instead be found where the microgels were sticking 
out into the oil. The small protrusion of the microgels in the oil phase yields though very 
shallow prints which are indeed extremely hard to detect and quantify, also due to the 
higher roughness of the oil side of the frozen interface compared to the water one and 
therefore images from the water side are not considered. The situation is different for 
more hydrophobic objects, where the prints in the frozen oil are clearly visible.
[31]
  
Finally, by extracting simple geometrical relations from Figure 19a, we can also estimate 
d’, the hypothetical diameter of a non-deformable sphere with a contact angle of 30° that 
has a diameter di at the interface,     
  
 
  
   . Using the measured values of di and the 
calculated values of h, we obtain d’ corresponding to a size 4 times larger than the values 
of dw of our microgels. The facts that the measured values of di are much larger than the 
size of the particles in bulk and that it is unphysical for the particles to swell 4 times in 
order to remain spherical and show such values of di, constitute irrefutable evidence that 
the microgels are strongly deformed and flattened at the interface between water and 
heptane.  
5.4 Discussion 
The results reported above highlight the complex nature of microgel particles at liquid-
liquid interfaces. In particular we observe significant deformation of the particles, 
comprising pronounced flattening and stretching of a low cross-linking density polymer 
corona at the interface. Interestingly, we do not observe an influence of pH on the size 
that the microgels take up at the interface or on the protrusion height into the oil phase, 
although microgel size in water as well as emulsion stability depend on pH.
[16]
 Such 
intriguing and at first counterintuitive observation can be rationalized by analyzing the 
components that act on a soft, deformable object at a fluid interface and building on 
previous observations of the microstructure of partially deformable micro- and 
nanoparticles at liquid interfaces.  
Most of the previously investigated objects consist of solid, hard cores onto whose 
surfaces polymer brushes or molecular chains are grafted to provide stability against 
aggregation as well as functionality. Recent work on hydrophilic latex micron-sized 
particles stabilized by poly(glycerol monomethacrylate) has shown that the stabilizing 
layer is compressed but retains hydration also on the oil side of a water-dodecane 
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interface. Given the very small thickness of the stabilizing layer relative to the particle 
size, deformation of the particle at the interface is negligible, as it is the contribution 
coming from the polymer chains sitting right at the interface in determining the particle 
vertical position.
[35]
 As the particle to stabilizer size ratio gets smaller, deformations 
become more apparent and the role played by the interface becomes more important. 
Numerical studies on gold nanoparticles passivated by alkythiols of different lengths (and 
therefore different softness) have shown that the ligand shell can be severely deformed at 
the interface and that two effective contact angles can develop: one measured from water 
side and one measured from the oil side. The particle in that case assumes a lens-like 
shape, with two curvatures which are determined by the solubility of the ligands in the 
two phases and by their surface activity at the oil-water interface.
[36]
 Substantial 
deformation of soft polymer shells at interfaces has also been described theoretically and 
experimentally for polymer-capped iron oxide nanoparticles. In particular, lower 
solvation of poly(ethylene glycol) chains in non-polar solvents has been found to induce 
partial collapse of the stabilizing shell exposed to the oil. Solvation of the ligand shell 
thus plays a central role in the energy balance which determines the contact angle of the 
particles at liquid interfaces.
[37]
 X-ray reflectivity studies at the water-air interface have 
also highlighted that in the case of high interfacial activity, polymer chains preferentially 
adsorb and stretch out at the interface, deforming and flattening the polymer shell.
[38]
  
Compared to these cases where the soft ligand shell is anchored on a rigid core, our 
microgel particles can fully deform and therefore have different constraints on the shape 
they can take at the interface. The equilibrium shape of the microgel particles is given by 
the balance between the solvation of the hydrogel in the two liquid phases, its interfacial 
activity and the internal elasticity of the particle. Given the complex interplay between the 
hydrogel cross-linking profile across the particle, its internal architecture, elasticity, 
solubility and interfacial activity, a detailed quantitative description is beyond the scope 
of this work, but we provide here an intuitive description which accounts for our 
observations. Figure 20 gives a schematic representation of the proposed configuration of 
the microgels at the oil-water interface.  
Far from the interface on the water side, the particle may retain its bulk shape which is a 
function of pH. On the oil side, FreSCa cryo-SEM images tell us that the particle is 
substantially flattened, with an internal, more highly cross-linked core, which protrudes 
further into the oil phase. In the absence of strong interfacial effects, one may expect the 
double-lens configuration
[36]
 where the curvature on each side is given by the solubility in 
the two fluids. 
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Figure 20. Schematic representation of the conformation of the core microgels at the water-oil 
interface. The hydrated size of the particles dw is a function of pH, but the stretching of particles at 
the interface stemming from weakly pH dependent hydrogel interfacial activity dominates, implies 
that the size at interface di only shows a negligible pH dependence. The protrusion height h also 
does not show a significant pH dependence (here sketched as real protrusion height and not 
maximum one as in Table 3). The combination of these facts implies a smaller protrusion for 
swollen microgels relative to the bulk size. The horizontal dashed line represents the position of 
the flat water-heptane interface. An analogous picture can be drawn for core-shell microgels.  
Given the fact that these microgels are not soluble in heptane, water is likely to be 
retained in the compressed region of the microgel exposed to the oil phase. The 
observation of a polymer corona lying flat at the interface implies that there is also an 
additional component, coming from the interfacial activity of the hydrogel which wants to 
maximize the amount of polymer that sits at the interface. As a consequence of this, the 
particle is stretched radially until the energy gain coming from interfacial activity is 
balanced by the internal elastic deformation of the hydrogel. This description is 
confirmed by the correlation between cross-linking density (and thus elastic modulus) and 
diameter at the interface found in previous work
[17]
; stiffer particles undergo smaller 
deformations at liquid interfaces. This description can also account for the reported 
absence of pH dependence on the measured size at interfaces. Changing the pH has the 
effect of changing the hydrated diameter in bulk dw but if the polymer interfacial activity 
has a weak pH dependence and the interfacial activity term is much larger compared to 
the hydration term, then the particle stretching at the interface dominates and a negligible 
pH dependence of the particle size at the interface is obtained, as schematically 
represented in Figure 20. A weak pH dependence of the interfacial tension of the core 
microgels is indeed found with an interfacial tension (IFT) reduction to 12.9 ± 0.5 mN/m 
at pH 3 and to 14.5 ± 0.6 mN/m at pH 9 for a 1.5 wt% microgel dispersion versus n-
heptane (IFTwater/n-heptane = 51.24 mN/m (20°C)),
[39]
 while no appreciable differences are 
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found for the core-shell microgels (final IFT = 15.9 ± 0.4 mN/m for both pHs). Moreover, 
the doubling of the particle diameter at the interface implies that the hydrogel is severely 
stretched and thus its response may only depend weakly on the surrounding environment.  
Finally, the fact that interfacial deformation and activity dominate the particle behavior 
implies that the wetting properties (protrusion heights or effective contact angles) are only 
a weak function of pH for the examined particles, as confirmed by FreSCa cryo-SEM 
imaging. This is in stark contrast with hard particles for which differences in the particle-
water interfacial energy as a function of pH translates in significant contact angle 
variations.
[40]
 This is also different from the case of partially deformable core-shell 
nanoparticles which show a strong pH dependence at air-water interfaces.
[41]
 
5.5 Conclusion 
In conclusion, the complex balance of interfacial and bulk properties highlighted above is 
completely absent for hard objects. These observations call for numerical and theoretical 
studies which can disclose the interfacial structural properties of soft objects and produce 
specific interaction potentials which can link the microstructure to macroscopic 
properties. Such results will, for instance, have direct relevance in furthering our control 
of emulsion stabilization using soft objects. In addition to challenging our physical 
understanding of soft particles at interfaces, their positioning and microstructure at the 
interface also has direct consequences for macromolecular chemistry. The conformation 
of the microgel corona and its presentation of cross-linked groups at the interface and to 
the two liquid phases plays a direct role in designing crosslinking strategies to obtain 
membranes and capsules from microgels self-assembled at liquid-liquid interfaces. 
Moreover, as in the case of hard particles, interfacial trapping can be used as a strategy to 
produce Janus, or bi-functional, particles by performing different chemical 
functionalization on the two particle sides exposed to the two liquid phases
[42]
. The strong 
particle deformation and the maximization of the interfacial cross-section constitute 
essential knowledge for the production of controlled Janus particles. It is therefore 
envisaged that these results, obtained by a unique three-dimensional characterization of 
microgel positioning and microstructure at the interface will prompt further theoretical 
studies and will yield an important contribution to the fabrication of novel materials. 
5.6 Methods 
Materials. N-ispropylacrylamide (NiPAm, 99%, Acros Organics), methacrylic acid 
(MAA, ABCR, 99%, stabilized with 100-250 ppm hydroquinone or 4-methoxyphenol), 
N,N’-methylenebisacrylamide (BIS, AppliChem, molecular biology grade), potassium 
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peroxodisulfate (KPS, Merck, 99%), the fluorescent label methacryloxyethyl-
thiocarbamoylrhodamine B (MRB, PolySciences), sodiumdodecylsulfate (SDS, Merck, 
99%) and n-heptane (Merck, 99%) were used as received. Doubly distilled Milli-Q water 
was used for synthesis and characterization of the microgels and preparation of microgel 
dispersions. For adjustment of the pH 0.1M HCl and 0.1M NaOH were used.   
Microgel Synthesis. The core microgels were synthesized in a batch synthesis by 
emulsion polymerization. Water was heated to 80°C and was degassed with N2. NiPAm, 
MAA and BIS in a mass ratio of 90:5:5 and a total monomer concentration of 180 mM 
were dissolved in the reaction flask under mechanical stirring. SDS was added to the 
solution in a concentration of 2.4 mM. The reaction was started with KPS (1.8 mM). After 
5 h the reaction mixture was cooled to room temperature under constant stirring and 
filtered through glass wool. Then the solution was centrifuged four times at 50000 rpm 
for 1 h and in each cycle the supernatant was replaced with bidistilled water. The cleaned 
product was freeze-dried. 
For the synthesis of the core-shell microgel, core microgel and shell monomers were used 
in a mass ratio of 1:2. 4.0 g of the dried core microgel were redispersed in 420 mL 
bidistilled water and degassed with N2. SDS in a total concentration of 1.6 mM was added 
to the mixture and it was heated to 80°C under constant mechanical stirring. NiPAm and 
BIS in a mass ratio of 95:5 and 0.06 wt% MRB were dissolved in 100 mL degassed 
water. The reaction was started by adding 5 mL of a 1.2 mM KPS solution and 20 mL of 
the monomer solution to the mixture. The same amounts were then added in four portions 
every ten minutes. 5 hours after the last addition of reactants, the mixture was left to cool 
down to room temperature and was filtered through glass wool. After five centrifugation 
cycles at 30000 rpm for 1 h the product was freeze dried. 
Characterization of the Core and the Core-Shell Microgel. The hydrodynamic 
diameter (dw) of the microgels in bulk was determined by dynamic light scattering (DLS) 
in an ALV-5000 instrument with light of 633 nm wavelength. By comparing the size of 
the core in the collapsed state at pH 3 and 50°C (dw = 138 ± 1 nm) with the size of the 
core-shell microgel at 20°C (see table 1) one can estimate the shell thickness. The 
minimal and maximal shell thicknesses at pH 3 are 51 ± 4 nm and 120 ± 4 nm and 
62 ± 6 nm and 131 ± 6 nm at pH 9, respectively for core and core-shell particles. 
Electrophoretic mobility measurements were performed with a NANO ZS Zetasizer 
(Malvern Instruments, UK). The electrophoretic mobility measured for the core microgel 
was -0.09 ± 0.01 10
-8 
m
2
/Vs at pH 3 and -0.70  ± 0.03 10
-8 
m
2
/Vs at pH 9 and for the core-
shell microgel -0.05 ± 0.02 10
-8 
m
2
/Vs at pH 3 and -0.22 ± 0.02 10
-8 
m
2
/Vs at pH 9. The 
content of MAA in the microgels was determined by pH titration. The core microgel has 
an MAA content of 6.3 ± 0.6 wt% and the core-shell microgel of 2.8 ± 0.5 wt%.  
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Interfacial Tension Measurements. Interfacial tension (IFT) measurements were 
performed on a DSA100 (Krüss GmbH) instrument equipped with a pendant drop 
module. A drop of 1.5 wt% microgel dispersion in water was created on top of a needle in 
a cuvette filled with n-heptane and the drop shape was recorded every 1 or 2 seconds until 
the IFT reached equilibrium. The IFT was determined by video analysis with the Drop 
Shape Analysis programme supplied by the manufacturer. 
FreSCa Cryo-SEM. 0.5 µL of a microgel suspension at 0.1 wt% were placed inside a 
custom-made copper holder with a 200 µm deep central cavity. Prior to use, the sample 
holders were cleaned in sulphuric acid (95%) and ethanol for several minutes. Their inner 
surface was roughened and exposed to a negative glow discharge to improve adhesion 
during freezing. Successively, a 3.0 µL droplet of the non-polar phase was carefully 
placed on top to create the liquid-liquid interface and then the holder was closed with a 
flat copper plate. The “sandwich” holder was frozen in a liquid propane jet freezer (Bal-
Tec/Leica JFD 030, Balzers/Vienna) with a cooling rate of 30000 Ks
-1 
to avoid water 
crystallization. After freezing, the samples were mounted under liquid nitrogen onto a 
double fracture cryo-stage and transferred under inert gas in a cryo-high vacuum airlock 
(< 5×10
-7
 mbar Bal-Tec/Leica VCT010) to a pre-cooled freeze-fracture device at -140°C 
(Bal-Tec/Leica BAF060 device). The samples were then fractured and partially freeze-
dried at -110°C for 3 min to remove deposited residual water condensation and ice 
crystals, followed by unidirectional tungsten deposition at an elevation angle α = 30° to a 
total thickness δ = 2 nm at -120°C and by additional 2 nm with a continuously varying 
angle between 90° and 30°. The second deposition is needed in order to avoid charging of 
the shadow during imaging which may compromise image stability at high 
magnifications. Freeze-fractured and metal-coated samples were then transferred for 
imaging under high vacuum (< 5×10
-7
 mbar) at -120°C to a pre-cooled (-120°C) cryo-
SEM (Zeiss Gemini 1530, Oberkochen) for imaging either with an in-lens or secondary 
electron detector.  
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6. The Compressibility of pH-Sensitive Microgels at the Oil-Water 
Interface: Higher Charge Leads to Less Repulsionb 
6.1 Abstract 
pH-responsive microgels are unique stabilizers for stimuli-sensitive emulsions that can be 
broken on demand by changing the pH value. However, recent experiments have 
indicated that electrostatic interactions play a different role compared to that in 
conventional Pickering emulsions. The influence of charges on the interactions between 
microgels at the oil-water interface is now described. Compression isotherms of 
microgels with different charge density and architecture were determined in a Langmuir 
trough and counter-intuitive results were obtained: Charged microgels can be compressed 
more easily than uncharged ones. The compressibility of microgels is thus not determined 
by direct Coulomb repulsion. Instead, the different swelling of the microgels in the 
charged and in the uncharged state is proposed to be the key parameter. 
6.2 Introduction 
It has recently been discovered that responsive microgels can be used as unique 
stabilizers for stimuli-sensitive emulsions. Microgels are cross-linked, solvent-swollen, 
and thus soft polymeric particles that adapt their size and structure according to their local 
environment. They are surface-active, arrange around droplets, prevent coalescence and 
produce highly stable emulsions. Additionally, responsiveness imparts extra 
functionalities to microgel-stabilized emulsions and droplets can be broken on demand by 
changing external parameters like temperature and pH.
[1-13]
 These special properties are 
relevant for many applications, for example in biocatalysis.
[6]
 
On first sight, microgel-stabilized emulsions are similar to Pickering emulsions stabilized 
by hard particles. However, the softness of microgels leads to distinct differences; for 
example the microgels are strongly deformed
[14]
 and the softer the microgels are, the 
better they stabilize emulsions.
[12]
 Furthermore, emulsion stability does not only depend 
on the properties of the surface of the microgels, but can also be controlled by their 
internal properties, especially in core-shell microgels.
[5]
 
A prominent example of a responsive microgel is poly-N-isopropylacrylamide 
(P(NiPAm)). The polymer has a lower critical solution temperature of 32°C in aqueous 
solution and P(NiPAm) microgels undergo a volume phase transition from a swollen to 
                                                 
b
 This chapter was published in Angewandte Chemie, International Edition: K. Geisel, L. Isa, W. 
Richtering, Angew. Chem. Int. Ed. 2014, 126, 5005-5009. 
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collapsed state at this temperature.
[15-16]
 P(NiPAm) microgels lower the interfacial tension 
between water and air
[17-18]
 as well as between water and oil.
[19-20]
 Several aspects 
influence the stability of microgel-stabilized emulsions, including the spatial distribution 
of charged comonomers inside the particle and the crosslink density.
[12-13]
 Differences to 
rigid colloidal particles have previously been discussed.
[4, 21]
 
The incorporation of ionic comonomers into P(NiPAm) microgels leads to additional 
responsiveness towards pH.
[22-23]
 Charged microgels swell more strongly than uncharged 
ones due to the osmotic pressure of the counter ions; they also experience long-range 
Coulomb repulsion.
[24]
 However, emulsions stabilized by charged microgels do not 
exhibit typical charge effects, such as attraction between differently charged droplets. It 
was even shown that oppositely charged droplets covered by microgels do not coalesce 
when they are mixed.
[3]
 Furthermore, direct electron microscopy imaging of the microgel 
covered interface with freeze-fracture shadow-casting (FreSCa) cryogenic scanning 
electron microscopy (cryo-SEM)
[25]
 revealed the three-dimensional structure of the 
microgels at the interface. It was shown that the particles are strongly deformed at the 
interface and that they protrude very little into the oil phase.
[26]
 The degree of deformation 
and the protrusion height does not depend on the charge of the microgels.  
Extracting information on the interaction between particles at the surface of emulsion 
droplets is a rather demanding task, as curvature effects might not be negligible. For this 
reason, it is important to investigate flat interfaces as model systems for curved interfaces, 
such as in droplets. A defined and controlled flat interface can be achieved in a Langmuir 
trough, where the influence of compression on the particle layer can be investigated in 
detail. Herein, we present surprising findings about the behavior of microgels at the oil-
water interface during compression in a Langmuir trough. In particular, we use charged 
and uncharged microgels with uniform and non-uniform distribution of charges to 
investigate the influence of electrostatic interaction on the compressibility. Compression 
isotherms of microgel monolayers at the decane-water interface were recorded. We will 
show below that increasing the number of charges in the microgel does not lead to 
stronger repulsion. Instead, charged microgels can be compressed more easily than 
uncharged ones.  
6.3 Results and Discussion 
The microgel used for a first set of experiments is a poly-(N-isopropylacrylamide-co-
methacrylic acid) (P(NiPAm-co-MAA)) microgel. It is thermo- as well as pH- sensitive, 
but we focus on the pH-sensitivity in this study and all experiments were performed at 
20°C. The methacrylic acid is protonated at pH 3 and deprotonated at pH 9 so that 
charges are introduced to the microgel at high pH. This is represented by an increase in 
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the electrophoretic mobility from (-0.09 ± 0.01)×10
-8
 m
2
/(Vs) at pH 3 to 
(-0.70 ± 0.03)×10
-8
 m
2
/(Vs) at pH 9. The charges induce a swelling of the microgels due 
to the osmotic pressure of the counter ions. The hydrodynamic diameter in water 
increases from dw = 276 ± 3 nm at pH 3 to dw = 362 ± 4 nm at pH 9. The crosslink density 
of microgels is not uniform throughout the particle but decreases towards the outside. 
Therefore, microgels possess a core-corona structure with higher polymer density in the 
core.
[12, 14, 26-27]
  
In the following we compare compression isotherms (i.e. surface pressure versus specific 
area) of the microgel in the uncharged state at pH 3 and the charged state at pH 9 at the 
decane-water interface.  
Figure 21 presents compression isotherms of different amounts of the P(NiPAm-co-
MAA) microgels spread at the interface in the uncharged and in the charged state. For 
each pH, several individual isotherms are shown, which correspond to different initial 
microgel concentrations at the interface. These individual isotherms can be combined to 
form master curves by normalizing the trough area to the amount of microgels at the 
interface. The non-normalized isotherms are given in the Supporting Information (Figure 
26) 
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Figure 21. Compression isotherms of different amounts of the P(NiPAm-co-MAA) microgel in the 
charged (blue) and in the uncharged (green) state at the decane-water interface. The area is 
normalized to the mass of microgel placed at the interface. The schematic representations of the 
microgels show their pH-dependent swelling and the decreasing crosslink density from the center 
to the periphery. The size ratio is approximately in scale and counterions are omitted. For non-
normalized isotherms see Figure 26. 
The normalized isotherms at different charge states show qualitatively a similar trend. 
The surface pressure vanishes at low concentrations and low compression and it is 
independent of the area. At this point, the microgels at the interface are highly diluted and 
do not interact with each other. Upon compression, the concentration of microgels at the 
interface increases as a smaller area is available per microgel. The particles start to 
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interact and the surface pressure rises steeply under compression. Further compression 
leads to the formation of a pseudo-plateau with the surface pressure again being almost 
independent of the area. This first pseudo-plateau at π = 30 mN/m can be assigned to a 
coexistence of two phases, similar to the expanded and condensed liquid states of 
monolayers of classical surfactants.
[28]
 In microgel systems, we propose that the expanded 
liquid state corresponds to the coronas of the microgels being in contact whereas in the 
condensed liquid state the coronas become compressed or overlap each other (see below 
for comments on possible mechanisms). This pseudo-plateau is followed by a second rise 
in surface pressure when the microgels are compressed further. The final plateau is 
reached at high compression around π≈35 mN/m. At this point, the microgels cannot get 
closer to each other and the formation of multilayers, desorption of particles from the 
interface or buckling of the microgel layer are likely to occur. Nakahama et al. measured 
compression isotherms of monolayers of P(NiPAm) microgels at the air-water interface 
and the surface pressure also showed a two-step increase during compression. They 
assigned this to a change in interaction from soft repulsion when the corona is 
compressed to stronger steric repulsion when the coronas overlap and the highly 
crosslinked core is compressed.
[29]
  
Differences between charged and uncharged particles can be seen in the specific area for 
the onsets of the increase of surface pressure and the formation of the plateaus. The 
surface pressure starts to rise at higher surface concentrations (i.e. smaller area per mass) 
in the charged state as compared to the uncharged state and the plateau also starts at 
higher concentrations. The charges in the microgel change the behavior under 
compression and the microgels can be compressed further before a change in surface 
pressure is detected. This is in striking contrast to the behavior of  pH-sensitive microgels 
in bulk where long range electrostatic repulsion is observed.
[24]
 Instead, we see that the 
introduction of charges has a different effect on microgels sitting at an oil-water interface. 
This effect is stronger than direct Coulomb repulsion. 
The different behavior under compression is even more surprising because we have seen 
in an earlier study, using FreSCa cryo-SEM imaging, that the size and degree of flattening 
of the microgels at the oil-water interface after adsorption and self-assembly is very 
similar (di = 559 ± 49 nm in the uncharged state and di = 534 ± 14 nm in the charged 
state).
[26]
 Thus, there is an inconsistency between the image analysis and the isotherms: 
the microgel size at the interface is similar but the isotherms of the charged and the 
uncharged microgel show differences in the specific area where the surface pressure starts 
to change. The latter can be illustrated by first shifting the isotherm of the charged 
microgel to match the curve of the uncharged one (Figure 22) and then comparing that 
shift with the size of the microgels at the interface (Figure 23). 
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Figure 22. Compression isotherms of the P(NiPAm-co-MAA) microgel after the isotherm of the 
charged microgel was shifted to larger areas (dashed blue lines).  
Shifting the isotherm of the charged microgel by a factor of 2.43 to higher specific areas 
leads to superimposition with the isotherm of the uncharged microgel 
(“charged”·2.43=“uncharged”). The observation that the isotherms at high and low pH 
can be overlapped indicates that the general processes during compression do not change 
for charged microgels. Nevertheless, the presence of charges changes the properties of the 
microgel so that they can be compressed further before an increase in surface pressure is 
observed. Thus, the charged microgels have a lower effective area and a smaller effective 
size.  
 
Figure 23. FreSCa cryo-SEM image of the P(NiPAm-co-MAA) microgel in the uncharged state at 
the heptane-water interface. Microgels are seen from the heptane side after fracturing. The core-
corona structure of the uncharged microgels at the interface is visible (d = 559 nm, orange and 
blue circle) and the apparent size of the charged microgels (derived from the compression 
isotherms) is schematically depicted (d = 357 nm, green circle and dashed green line). 
The different effective areas of charged and uncharged microgels at the interface can be 
compared with the structure of microgels as observed in FreSCa cryo-SEM micrographs. 
The microgels reveal a distinct core-corona morphology and the orange and blue circles 
in Figure 23 illustrate the core and corona, respectively. The green circle indicates the 
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size that is obtained when then entire area of core and corona is divided by 2.43 
(corresponding to the shift of the isotherms). The smaller effective size of the charged 
microgel as calculated from the shift of the isotherms (green) resembles the size of the 
core of the uncharged microgel (orange circle). 
We consider three mechanisms by which the microgels can react to compression. First, 
they could decrease their size. The particles show a core-corona structure at the interface 
and the size of the corona can decrease during compression of the microgel layer. 
However, the size of the corona was found to be independent of charge
[26]
.  
A second possible mechanism can be related to the fact that the main part of the charged 
and the uncharged microgels is placed in the aqueous phase. Charged microgels swell 
more strongly in the aqueous phase as compared to the uncharged state. Furthermore, the 
presence of a charged microgel will lead to an image charge in the oil phase. This can 
drag the microgels more into the water phase, resulting in a smaller protrusion into the oil 
phase. A difference in protrusion height of the charged and the uncharged microgel was 
not detected by FreSCa cryo-SEM but this could be due to the very small protrusion into 
the oil phase and  limitations of the technique.
[26]
 It is thus possible that small deviations 
in the protrusion height facilitate an overlap of the coronas during compression of the 
charged microgels. The particles can then get closer to each other before changes in the 
surface pressure are detected.  
Third, the chains at the surface of the microgels can interpenetrate during compression. In 
this context, it is important to recall the structure of microgels in bulk again. Charged 
microgels in bulk are swollen and soft and possess a fuzzy surface with dangling polymer 
chains. In contrast to that, the uncharged microgels are denser. Even though FreSCa cryo-
SEM images did not indicate an influence of charges on microgel size
[26]
, it is possible 
that the density of polymer chains in the corona is different in the charged and uncharged 
state. Such density differences are hardly detectable by SEM. A higher softness of the 
charged microgels would facilitate microgel compression. As the swelling and softness of 
the charged microgels is more pronounced than that of the uncharged microgels, they can 
penetrate more easily.  
The analysis of the compression isotherms of the P(NiPAm-co-MAA) microgel discussed 
above leads to the conclusion that Coulomb interactions are not the main parameter 
influencing the isotherms. Instead, the swelling properties of the microgels at different 
charge states seem to play a major role for their compression at the interface. It can thus 
be expected that a microgel that does not show Coulomb interactions but pH-dependent 
swelling behaves similar to the P(NiPAm-co-MAA) microgel. For this reason, we 
prepared a second microgel with an additional, pure P(NiPAm) shell on the P(NiPAm-co-
MAA) core. A much smaller amount of charges is present at the surface of the second 
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microgel because of the P(NiPAm) shell. The electrophoretic mobility changes less with 
pH as compared to the first microgel (from (-0.05 ± 0.02)×10
-8
 m
2
/(Vs) at pH 3 to 
(-0.22 ± 0.02) ×10
-8
 m
2
/(Vs) at pH 9). The pH-dependent swelling of the microgel is 
restricted by the non-pH-sensitive shell
[30-31]
, but still the hydrodynamic diameter in water 
increases from dw =378 ± 9 nm at pH 3 to dw = 400 ± 14 nm at pH 9. This shows that the 
pH-dependent swelling due to the osmotic pressure of the counterions is still present and 
that this microgel has a much smaller surface charge as compared to the P(NiPAm-co-
MAA) microgel. 
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Figure 24. Compression isotherms of different amounts of the second microgel in the charged 
(red line) and in the uncharged (black line) state at the decane-water interface. The area is 
normalized to the mass of microgels at the interface. The isotherm of the charged microgel can 
additionally be shifted to larger areas (dashed red line). The schematic representations  of the 
microgels show their morphology and that the pH-dependent swelling of the core is restricted by 
the shell. The size ratio is approximately in scale and counterions are omitted. For non-
normalized isotherms see Figure 27. 
The normalized compression isotherms of the second microgel in the charged and the 
uncharged state follow the same trend as the isotherms of the P(NiPAm-co-MAA) 
microgels (Figure 24). The same two-step increase of the surface pressure during 
compression is observed. Again the isotherm of the charged microgel is found at lower 
areas than the one of the uncharged microgel, in agreement to what is observed for the 
P(NiPAm-co-MAA) microgel. Figure 24 additionally shows that the isotherm in the 
charged state can be shifted to match the isotherm in the uncharged state. 
The diameter of the microgels at the interface was again determined from FreSCa cryo-
SEM images and, in analogy to the first microgel, no significant difference in 
deformation was found between uncharged and charged state.
[26]
 The shift in the 
isotherms as shown in Figure 24 corresponds to a 1.54-fold increase in area and is 
depicted in Figure 25. The difference between the apparent size of the charged microgel 
(green circle) and the size at the interface (orange and blue circles) is smaller than in the 
case of the P(NiPAm-co-MAA) microgel. This is most likely due to the corset effect of 
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the shell in the second microgel
[32]
, however, the pH-influence is still clearly visible in 
Figure 24. 
 
Figure 25. FreSCa cryo-SEM image of the second microgel in the uncharged state at the 
heptane-water interface, seen from the heptane side after fracturing. The core-corona structure of 
the uncharged microgels is illustrated with orange (core) and blue (corona, d = 642 nm) circles. 
The apparent size of the charged microgel as derived from the shift in the compression isotherms 
in Figure 24 is also shown (green circle and dashed green line, d = 518 nm). 
6.4 Conclusion 
In conclusion, we found an unexpected influence of charges on the compression of 
P(NiPAm-co-MAA) microgels: charged microgels can be compressed further than the 
uncharged ones. Therefore, the compression isotherms are not directly influenced by 
charge repulsion. The apparent particle size for the charged microgels can be derived 
from a comparison of the compression isotherms in the charged and the uncharged state. 
This size is significantly smaller than the size of the deformed microgel, that is core plus 
corona which was determined from FreSCa cryo-SEM micrographs. However, it is close 
to the size of the cores alone. We suggest that the internal structure of individual particles, 
for example their crosslink density profile and its response to pH changes, play an 
important role in defining the compression behavior at different charging levels. This 
hypothesis is supported by the comparison of two microgels with different charge 
distribution. Even though charges in the second microgel are mainly located in the core, 
swelling was observed at high pH and a difference in the compression isotherms 
appeared, similar to what was observed for the first homogenously charged microgel. It 
can thus be stated that the charges in microgels do not influence the compressibility of a 
microgel monolayer in a straightforward manner, that is, directly by charge repulsion, but 
instead indirectly, through different swelling properties that arise from the presence of the 
charges themselves.  
In contrast to our findings, it was shown that Coulomb repulsion plays an important role 
for rigid micrometer-sized silica particles under compression at the oil-water interface.
[33]
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Theoretical calculations also showed that charge repulsion can dominate over capillary 
interaction (i.e. attraction) when hard particles at the oil-water interface are considered.
[34]
 
Our findings thus illustrate that the behavior of soft microgels at oil-water interfaces is 
distinctly different from that of hard particles.  
6.5 Experimental Section 
The microgel synthesis was done by standard precipitation polymerization with surfactant 
and was already described in detail elsewhere.
[26]
 A detailed description of the 
experimental procedures can be found in the Supporting Information. In brief, 
compression isotherms were recorded on a Langmuir trough equipped with two movable 
barriers. A platinum plate was placed parallel to the barriers and the change in surface 
pressure was recorded with a Wilhelmy balance. A defined amount of aqueous microgel 
dispersion was placed directly at the decane-water interface and the compression was 
performed after an equilibration time of 1 h with a speed of 10 mm/min. Isopropylalcohol 
was added to the microgel dispersion to facilitate spreading at the interface.  
6.6 Supporting Information 
Materials. N-decane (Merck, > 94%) was filtered three times over a column of basic 
aluminium oxide (Merck) to remove any polar contaminants. Doubly distilled Milli-Q 
water was used for synthesis and characterization of the microgels and preparation of 
microgel dispersions. 0.1M HCl and 0.1M NaOH was used to adjust the pH of the Milli-Q 
water that was used as subphase in the Langmuir trough measurements to pH 3 or pH 9. 
The microgels were placed at the interface in a mixture of aqueous 1 wt% microgel 
dispersion (pH 3 or pH 9) with isopropyl alcohol (IPA, 99.8%, Merck) in a ratio of 5:1 
(v:v).  
Microgel Synthesis and Characterization. The microgel synthesis was done by 
standard precipitation polymerization with surfactant and was already described in detail 
elsewhere.
[26]
 An ALV-5000 instrument with light of 633 nm wavelength was used to 
determine the hydrodynamic diameter of the microgels in bulk with dynamic light 
scattering (DLS). Electrophoretic mobility was measured with a NANO ZS Zetasizer 
(Malvern Instruments, UK). The content of MAA in the microgels was determined by pH 
titration to 6.3 ± 0.6 wt% for the P(NiPAm-co-MAA) microgel and 2.8 ± 0.5 wt% for the 
second microgel. The diameter of the core at the interface determined from FreSCa cryo-
SEM imaging is di,c = 358 ± 23 nm (pH 3) and di,c = 352 ± 10 nm (pH 9) for the 
P(NiPAm-co-MAA) microgel and di,c = 436 ± 43 (pH 3) and di,c = 438 ± 15 nm (pH 9) for 
the second microgel. The diameter of the corona at the interface is di = 559 ± 49 nm 
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(pH 3) and di = 534 ± 14 nm (pH 9) for the P(NiPAm-co-MAA) microgel and 
di = 642 ± 66 (pH 3) and di = 671 ± 22 nm (pH 9) for the second microgel.
[26]
 
FreSCa Cryo-SEM. The sample preparation for FreSCA cryo-SEM is analogous to the 
one already described.
[26]
 0.5 µL of an aqueous microgel suspension at 0.1 wt% were 
placed inside a custom-made copper holder with a 200 µm deep central cavity. Prior to 
filling, the sample holders were roughened, ultrasonicated in 95% sulphuric acid and 
ethanol for several minutes and finally exposed to a negative glow discharge to improve 
hydrophilicity and adhesion during freezing. Successively, a 3.0 µL droplet of heptane 
was carefully placed on top to create the liquid-liquid interface and then the holder was 
closed with a flat copper plate (also roughened and cleaned but not exposed to the glow 
discharge). The closed holder was vitrified in a liquid propane jet freezer (Bal-Tec/Leica 
JFD 030, Balzers/Vienna) with a cooling rate of 30000 Ks
-1 
to avoid water crystallization. 
After freezing, the samples were mounted under liquid nitrogen onto a double fracture 
cryo-stage and transferred under inert gas in a cryo-high vacuum airlock (< 5×10
-7
 mbar 
Bal-Tec/Leica VCT010) to a pre-cooled freeze-fracture device at -140°C (Bal-Tec/Leica 
BAF060 device). The samples were then fractured and partially freeze-dried at -100°C for 
1 min to remove deposited residual water condensation and ice crystals, followed by 
unidirectional tungsten deposition at an elevation angle α = 30° to a total thickness δ = 2 
nm at -120°C and by additional 2 nm with a continuously varying angle between 90° and 
30°. The second deposition is needed in order to avoid charging of the shadow during 
imaging which may compromise image stability at high magnifications. The presence of a 
macroscopic flat oil-water interface covered by particles promotes the fracture at the 
interface itself and allows for inspection of the particle arrangement. Freeze-fractured and 
metal-coated samples were then transferred for imaging under high vacuum 
(< 5×10
-7
 mbar) at -120°C to a pre-cooled (-120°C) cryo-SEM (Zeiss Gemini 1530, 
Oberkochen) for imaging either with an in-lens or secondary electron detector.  
Langmuir Trough. Compression isotherms were recorded at 20°C with a Langmuir 
trough for liquid-liquid interfaces (KSV NIMA). The trough is made from 
polyoxymethylene (Delrin) and is equipped with two movable Delrin barriers and a 
Wilhelmy balance with a Pt-plate. The compressible area between the barriers equals 398 
cm
2
 and the plate is hanging parallel to the barriers. In a typical measurement, the lower 
part of the trough is filled with water at pH 3 or pH 9. The water-air interface is cleaned 
with a suction pump and checked for impurities prior to addition of the n-decane. After 
addition of the n-decane, the interface is checked for impurities again and the Wilhelmy 
balance is set to zero. The microgel-IPA solution is placed directly at the interface with a 
Hamilton syringe and the interface is left to equilibrate for 60 min before the compression 
starts. A velocity of 10 mm/min is used for compression and subsequent expansion of the 
barriers. The Wilhelmy balance records the change in surface pressure π, which is defined 
as the difference between the interfacial tension of the clean interface γ0 and the 
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interfacial tension of the particle covered interface γi. After each measurement, the 
trough, the barriers and the Pt-plate were cleaned thoroughly with ethanol and large 
amounts of Milli-Q water. The Pt-plate was flamed to red-heat before every 
measurement. 
Compression and expansion isotherms of different amounts of microgel at the 
decane-water interface.  
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Figure 26. Surface pressure/ trough area compression isotherms of different amounts of 
P(NiPAm-co-MAA) microgels at the decane-water interface at pH 3 in the uncharged state (left) 
and at pH 9 in the charged state (right). The filled lines correspond to the compression of the 
interfacial layer and the dashed lines represent the subsequent expansion. 
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Figure 27. Surface pressure/ trough area compression isotherms of different amounts of the 
second microgels (P(NiPAm-co-MAA) plus PNiPAm shell) at the decane-water interface at pH 3 
in the uncharged state (left) and at pH 9 in the charged state (right). The filled lines correspond to 
the compression of the interfacial layer and the dashed lines represent the subsequent 
expansion. 
The compression and expansion isotherms of different amounts of the P(NiPAm-co-
MAA) microgel in the uncharged and the charged state are shown in Figure 26. Figure 
27 presents the corresponding isotherms of the second microgel where the P(NiPAm-co-
MAA) core is surrounded by a pure P(NiPAm) shell. 
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7. Highly Ordered 2D Microgel Arrays: Compression versus Self-
Assemblyc 
7.1 Abstract 
Monolayers of micro- and nanoparticles at fluid interfaces are a key component in a 
variety of applications, ranging from particle lithography to stabilizers in foams or 
emulsions. In addition to commonly used “hard” colloids, soft polymeric particles like 
microgels are attracting increasing attention due to their potential for the fabrication of 
tailored and responsive assemblies. In particular, regular hexagonal arrays of microgels 
have been previously deposited after assembly at a fluid interface. While the arrangement 
cannot be easily controlled after adsorption and self-assembly from the bulk phase, 
specific structures can be achieved by compressing an interfacial microgel monolayer 
spread in a Langmuir trough and by transferring it onto substrates at distinct compression 
states. The degree of ordering after compression surpasses the one that is reached after 
self-assembly from the bulk and is, in general, independent from the presence of charges 
and different microgel morphologies. As a consequence, by monitoring the surface 
pressure during compression it is possible to produce highly ordered microgel arrays 
where the interparticle distance can be systematically and externally controlled. 
7.2 Introduction 
Particle-laden fluid interfaces have been used in research and industry since Pickering and 
Ramsden discovered that solid particles can be used to provide long-term stability against 
coalescence in emulsions.
[1-2]
 Since then, great effort was taken to investigate the 
properties of such particle-covered interfaces, ranging from interfacial rheology to 
particle arrangement.
[3]
  
Soft polymeric particles, like microgels, also assemble at oil-water and air-water 
interfaces and lower significantly the interfacial tension.
[4]
 Furthermore, compared to hard 
particles, they have additional properties at the interface due to their soft and deformable 
nature.
[5-9]
 For instance, it has been observed that microgels deform when adsorbed at the 
surface of emulsion droplets and that enhanced emulsion stability is a direct consequence 
of the deformability of the microgels at the interface.
[10]
 However, the degree of 
deformation after adsorption at flat interfaces is not influenced by the presence of charges 
in the bulk phase.
[11]
 Microgel-coated droplets of opposite charge do not coalesce,
[12]
 and 
charged microgels are less resistant to compression than uncharged ones.
[13]
 All these 
                                                 
c
 This chapter was published in Soft Matter: K. Geisel, W. Richtering, L. Isa, Soft Matter 2014, 10, 7968-
7976. 
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unexpected features highlight the difference between microgels and hard particles and 
indicate ample possibilities to employ them for novel materials at interfaces or 
membranes.
[8-9, 14]
 
In particular, the high affinity of microgels to accumulate at liquid interfaces and their 
responsiveness to external stimuli (e.g. temperature or pH) indicate that they have high 
potential to outperform hard particles in terms of surface patterning through self-assembly 
at interfaces. Previous studies have in fact shown that solid particles can be assembled 
into regular close-packed and non-close-packed arrays at liquid-liquid interfaces, which 
can be subsequently deposited onto solid substrates and used as lithography masks.
[15-17]
 
Microgels have also been shown to form very regular patterns on solid substrates when 
they are assembled from a drying droplet or by spin-coating
[18-22]
 and can also be 
subsequently patterned into more complex structures by micro-contact printing.
[23]
 
Microgel arrays find use in a vast range of applications,
[24]
 including microlens arrays,
[25]
 
interferometers,
[26]
 biosensing
[27]
 and substrates for cell culture.
[28]
 In all of these 
applications it is very important to be able to tune, in addition to the microgel size, the 
separation between different microgels on the substrate to achieve complete control on 
the material structure. Different packing densities of microgels on the surface have been 
demonstrated using a range of different approaches, for instance by drying droplets of 
different concentrations
[19, 29]
 or using different drying procedures or substrates.
[21]
 
Extraordinary long range ordering was also achieved by facilitating the spreading of 
microgels on solid substrates by the addition of alcohol.
[20]
 Different spacing between 
particles could be reached when they were covered with polymer shells of different 
thickness.
[16, 22, 30]
 Finally, rotation speed during spin-coating was also found to influence 
the microgel arrangement.
[18]
  
All these methods have the disadvantage that, even though different packing densities can 
be achieved by concentration variations, one cannot control directly and externally the 
number of microgels at the interface (that is the surface concentration); in these methods 
the bulk microgel concentration is tuned to control interfacial assembly. Furthermore, 
adsorption from the bulk and drying can lead to local concentration gradients at the 
interface and thus affect the final structure. It is therefore desirable to develop a method 
that enables the possibility to produce monolayers with an externally tunable particle 
content and separation.  
First attempts to achieve the ambitious goal to produce highly ordered interfacial 
monolayers of soft particles have been made using a Langmuir trough, where surface 
concentration and pressure can be monitored in situ. The particles can then be transferred 
to a substrate at a desired surface pressure for subsequent production of two-dimensional 
particle arrays with a desired inter-particle distance. For example, different phases of 
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polymer-covered gold particles could be produced at different surface pressures of a 
monolayer at the air-water interface
[30]
 and the particle distance could be controlled by the 
surface pressure of the respective particle layer at the fluid interface. In a similar way, 
soft oxazoline-functionalized poly(methyl methacrylate) microgels have been assembled 
at the air-water interface and regular arrangement was imaged with Atomic Force 
Microscopy (AFM).
[31]
  
Here, we report the direct assembly of soft microgel particles in highly ordered arrays. 
Two methods of producing these arrays from microgel-covered interfaces were used. In a 
first set of experiments, we examined microgels at the oil-water interface that self-
assembled from the aqueous sub-phase without external compression. The local structure 
of the microgels was investigated by Freeze-Fracture Shadow-Casting cryogenic 
Scanning Electron Microscopy (FreSCa cryo-SEM).
[32-33]
 Secondly, a defined amount of 
microgels was spread directly at the oil-water interface to form a monolayer of particles 
in a Langmuir trough. The particle layer was transferred onto solid substrates using the 
Langmuir-Blodgett (LB) method and the microgel arrangement arising from different 
degrees of compression was investigated by AFM.  
By comparing the microstructure of the deposited microgel arrays with the in situ 
measurements by FreSCa cryo-SEM we demonstrate that the two methods yield the same 
results, that is clear hexagonal ordering that does not depend on the pH. However, 
compression and deposition lead to a higher control on the final structure. Finally, we 
show that the local inter-particle separation depends solely on the local concentration (and 
thus surface pressure) at the interface, irrespective of the assembly method. Thus, we 
demonstrate that controlled interfacial microgel assemblies can be produced and 
deposited from liquid interfaces. 
7.3 Results 
Adsorption and Self-Assembly from the Bulk Phase 
The microgels contain N-isopropylacrylamide (NiPAm) as main monomer and 
methacrylic acid (MAA) as comonomer, inducing pH-sensitivity. They are uncharged at 
low pH and charged at high pH due to the deprotonation of the acidic groups. The 
swelling of the microgels at higher charge density is due to the osmotic pressure and 
illustrated in the insets in Figure 28. Additionally, we used a second microgel where a 
pure PNiPAm shell is surrounding the P(NiPAm-co-MAA) core. This leads to restricted 
swelling of the core even in the charged state. For both particle morphologies, the 
distribution of the crosslinker is not homogenous but decreases toward the periphery of 
the microgel.
[34]
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Figure 28 shows an example of FreSCa cryo-SEM images of the two microgel types at 
the oil-water interface in the uncharged and in the charged state. Local ordering with 
hexagonal symmetry can be observed for all samples.  
 
Figure 28. Images of microgel particles at the water-heptane interface (seen from the heptane 
side) after fracturing. Hexagonal ordering can be observed in all cases. a: uncharged core 
microgel at pH 3; b: charged core microgel at pH 9; c: uncharged core-shell microgel at pH 3; d: 
charged core-shell microgel at pH 9. 
As detailed in the Methods section, the coordinates of each particle’s center can be 
identified in every image and used to measure several structural parameters. In addition to 
the local surface concentration obtained by counting the number of particles per unit area 
(Np µm
-2
), the radial distribution function g(r) can be calculated. g(r) identifies the 
probability of finding a particle at a distance r from a given particle at the interface; peaks 
in the distribution indicate preferred distances and are a signature of order in the interface 
microstructure. An example of a radial distribution function of charged core-shell 
microgel particles at the water-heptane interface is given in Figure 29. Several peaks are 
found, which imply the extension of structural order over several particle diameters. 
Moreover, the position of the peaks corresponds to the position of the peaks in the g(r) of 
an ideal hexagonally packed monolayer, identifying the local packing as hexagonal, at 
least at short range. 
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Figure 29. Example of a radial distribution function of charged core-shell microgel particles at the 
oil-water interface; d is the microgel diameter at the interface. Black lines indicate the peaks of a 
g(r) of an ideal hexagonally packed monolayer generated numerically. The inset highlights the 
centers of the particles as found from the automated particle location procedure. 
Spontaneous adsorption and self-assembly can therefore produce uniform monolayers 
with local hexagonal order in the microgel layers. The method is appealing for its extreme 
simplicity, but as evidenced in the FreSCa cryo-SEM images of Figure 28, the global 
structure cannot be controlled and, as a consequence, mostly locally ordered patches are 
found. Similar to what has been shown for microgel-covered emulsion droplets,
[35]
 non-
uniform coverage of the oil-water interface can be observed in some images that is due to 
sample preparation (Figure 36). Measurements of the dynamic interfacial tension (Table 
4) show that the surface coverage at the interface is far from steady state at the time 
where samples for FreSCa cryo-SEM are vitrified, implying that freezing and thus 
imaging may take place before the microgel assembly reaches steady state. Larger 
waiting times between sample loading and freezing may increase the degree of ordering, 
allowing the microgels to move and rearrange at the interface after adsorption.
[5-6, 36]
 A 
further drawback of FreSCa cryo-SEM is that the separation between the microgels at the 
interface cannot be directly controlled but depends on external parameters like bulk 
particle concentration and adsorption time, but also on uncontrolled applied shear or local 
concentration gradients (refer to the Supporting Information for a more detailed 
discussion). 
Systematic Assembly under Compression 
In order to overcome these limitations and produce directly tunable, highly ordered 
microgel arrays we chose a second route. We have performed Langmuir-Blodgett 
experiments where the compression of the monolayer was accompanied by deposition of 
the particles at controlled surface pressures. The microgel layer was transferred onto 
silicon wafers and the deposited samples were then analyzed by AFM.  
ORDERED MICROGEL ARRAYS 
69 
We have already shown that charges influence the behavior of a microgel monolayer 
under compression. The compression isotherms showed the same trend in the uncharged 
and in the charged state, where counter-intuitively an increase in surface pressure was 
observed at lower area per particle when charges were present in the microgel.
[13]
 As this 
phenomenon is more pronounced for the core microgel, only this particle type was 
investigated with the Langmuir-Blodgett technique.  
The compression isotherms of the core microgel layer in the uncharged and in the charged 
state are shown in Figure 30. Given the dimensions of the deposition trough, it was not 
possible to explore the whole compression isotherm in one single experiment. Different 
amounts of microgels were thus placed at the interface and the resulting isotherms were 
normalized to the applied amount. The surface pressure is shown as a function of the 
specific area and increases with increasing compression (that is with decreasing area per 
microgel). The absence of full overlap between the different segments may be due to 
variations in the number of microgels actually confined at the interface after spreading (a 
small percentage of the particles may fall into the bulk during spreading and/or 
compression). In this context it is worth noticing that similar amounts of nominally spread 
microgels can lead to varying surface pressures and thus microgel arrangements (Figure 
30b, points D1 and D2).  
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Figure 30. Compression isotherms of the a) uncharged and b) charged core microgel. The points 
where the microgel monolayer was transferred to a solid substrate are indicated by arrows. Same 
letters indicate similar amounts of spread microgels and the differently colored letters mark 
different particle arrangements. blue: random. green: hexagonal packing with voids. red: 
hexagonal packing. black: close hexagonal packing. 
Compression of a low amount of particles leads to a small increase in surface pressure. 
When more microgels are placed at the interface, the surface pressure rises more steeply 
until a plateau is formed at high interfacial coverage. In the case of the uncharged 
microgel, a second rise can be anticipated at high concentration, similar to what has been 
observed earlier in a different setup.
[13]
 
ORDERED MICROGEL ARRAYS 
70 
Figure 31 shows the AFM images of the transferred microgel monolayer in the 
uncharged state at the points indicated in Figure 30a. The particle density increases with 
the amount of microgel at the interface from images a to h. The particles are distributed 
randomly at the interface at low concentrations (Figure 31 a+b), corresponding to a low 
surface pressure. In any case the underlying presence of repulsive forces can be inferred 
by the absence of aggregation and the presence of a minimum separation between 
neighboring particles. The microgels start to interact when the amount of spread 
microgels is increased. As soon as interactions are present, the formation of local 
hexagonal microgel arrays is favored over the formation of e.g. clusters or random close 
packing (Figure 31c-e). This leads to the conclusion that soft repulsive interactions are 
present and govern the arrangement. By further increase of the microgel concentration, 
the packing becomes tighter until the microgels are squeezed together at high loading 
(Figure 31f+g). At high concentrations, the interface is fully covered and further 
squeezing of the microgel particles is not possible. This leads to a monolayer collapse 
through buckling of the interface or the formation of multilayers. This can be inferred by 
the long-wavelength height modulations in Figure 31h. 
 
Figure 31. AFM images of the transferred microgel monolayer in the uncharged state at the 
points indicated in Figure 30a. The particle density increases from a to h. Insets in images f, g 
and h show higher magnifications of the microgel arrangement. 
An analogous behavior is observed for the charged microgels, where the degree of 
ordering in the particle layer also increases with particle concentration (Figure 32). The 
particles are separated at low concentrations (Figure 32 A and D1). With increasing 
compression, the transition between random and hexagonal ordering can be observed 
(Figure 32 D2) where areas with close hexagonal packing are separated by voids. The 
particles are close enough to adopt an ordered structure, but the interface is still not 
completely covered with microgels. The structure of D1 and D2 is similar to what has 
been observed for microgels directly deposited on the interface from bulk, where 
a b c d
e f g h
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hexagonal packing coexists with random particle arrangement (Figure 36). A complete 
hexagonal array is formed as soon as the whole interface is covered by microgels (Figure 
32E). At high concentration a close packing of the microgels is observed (Figure 32G). 
 
Figure 32. AFM images of the transferred microgel monolayer in the charged state at the points 
indicated in Figure 30b. The inset in G shows higher magnification of close packed microgels. 
The increasing ordering is represented by clearer oscillations in the radial distribution functions 
corresponding to images A and G. Each graph reports radial distribution functions from images at 
three different spots on the same substrate (red, green and black lines). 
The position of particles in the AFM images was also analyzed to calculate the radial 
distribution functions. Examples are given in Figure 32, while the remaining functions 
are shown in Figure 37 and Figure 38. The various g(r) at different surface pressures 
mirror the qualitative trend reported above. At low surface pressure and high area per 
particle, no clear oscillations can be observed in g(r). Only a first peak is clearly visible 
corresponding to the existence of a well-defined separation between particles. The shape 
of g(r) is similar to the one obtained by the random deposition of repulsive (charged) 
particles.
[15]
 With increasing surface pressure, particles are pushed together and form 
regular structures. Correspondingly, the oscillations in g(r) become clearer, indicating a 
higher degree of ordering. In particular, clear hexagonal ordering (also indicated by the 
splitting of the second and third peak of g(r), see Supporting Information) is present at 
intermediate surface pressures. At the highest surface pressures, where the particles are 
closely packed, the material is polycrystalline, but retains local hexagonal order. A 
comparison with microgel deposition from dried droplets (Figure 39) also reveals the 
increased ordering in the case of the deposition after compression and the relative 
simplicity and efficiency of producing regular microgel monolayers using the LB-
technique. 
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7.4 Discussion 
As evident from Figure 31 and Figure 32, the particle distance at the substrates decreases 
with increasing compression while the particle arrangement changes from random to 
highly ordered. We can thus compare different characteristic areas in the isotherms where 
the particle arrangement changes significantly. This is indicated by the different colors of 
the letters in Figure 30. 
Blue area: The particles do not show any ordered arrangement but adsorb to the interface 
randomly. There exists a minimum separation distance between the particles that is much 
larger than the particle size. 
Green area: The particles start to arrange hexagonally, but patches of particles are 
separated by voids. This arrangement marks the transition between a random and a 
hexagonal structure. It shows that it is not necessary for the interface to be covered 
completely with particles to achieve hexagonal arrangement.  
Red area: The interface is completely covered with microgels that form a hexagonal 
pattern. With increasing particle concentration, the distance between the particles 
decreases. This leads to the conclusion that the interaction causing the particle 
arrangement can be overcome by compression and higher particle concentration.  
Black area: A close arrangement of microgels is reached. The particles are compressed 
against each other and the particle distance equals their size.  
Additional quantifiers can be extracted from the images to describe further the structure 
of the interface. The nearest neighbor distance (D) between particles at the interface is 
identified by the position of the first peak of g(r).  
A plot of the mean nearest neighbor distance against the surface pressure (Figure 33) 
reveals that the distance decreases with increasing surface pressure. The higher the 
surface pressure, the closer the particles are squeezed together. At low surface pressures 
the particles can move freely within the interface and maintain a high distance to each 
other. When the surface pressure increases, the particles are squeezed together and the 
distance between them decreases rapidly. At high compression, a plateau in surface 
pressure and interparticle distance is reached corresponding to the occurrence of very 
dense packing and monolayer collapse.  
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Figure 33. Mean nearest neighbor distance as a function of the surface pressure. D was 
determined from the position of the first peak in the g(r) functions corresponding to the AFM 
images in Figure 31 and Figure 32. Error bars represent the standard deviation and were 
calculated from the full width of half maximum of a Gauss fit on the first oscillation of g(r). 
Now that we have discussed the arrangement at different surface pressures after 
transferring the microgel monolayer to solid substrates, we turn to compare these results 
to the ones obtained from FreSCa cryo-SEM measurements. Figure 33 already shows 
that there is a direct correlation between the nearest neighbor distance and the surface 
pressure at which the monolayer was transferred to the substrate. Turning our attention to 
the FreSCa micrographs and the corresponding g(r) functions, we have already 
commented on the fact that the adsorption and thus the particle distance cannot be 
controlled directly while the microgels assemble at the interface from the bulk phase. 
Nevertheless, the local nearest neighbor distance from the FreSCa images can be 
analyzed and compared to the nearest neighbor distance from the AFM images. 
The results of this comparison as a function of the local particle density are shown in 
Figure 34. Additionally, the compression isotherms of Figure 30 were converted to 
particles per area (as measured from the corresponding AFM images) and included in the 
graphic to highlight the different degrees of compression corresponding to the observed 
inter-particle separations. This plot emphasizes that closer distances are achieved at 
higher microgel loading. This is valid for both assembly methods, self-assembly (FreSCa) 
and directed assembly (Langmuir trough and subsequent AFM); in both cases the 
dependence of the particle distance versus microgel concentration at the interface follows 
the simple scaling of a soft repulsive hexagonal lattice (x
-1/2
).
[15]
 Images with random 
arrangement were also analyzed and included for comparison (grey rectangle in Figure 
34). It is obvious that those data do not follow this simple scaling rule. Furthermore, there 
is no clear difference detectable for microgels in the charged and in the uncharged state. 
This is in contrast to recent results where charges increase the particle distance at the 
surface of microgel-covered oil droplets, as measured in situ with confocal 
microscopy.
[36]
 This discrepancy to our results further underlines the sensitivity of 
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microgel-covered interfaces and shows that sample preparation and slight changes in the 
investigated system can influence the outcome of the experiments to a large extent. 
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Figure 34. Nearest neighbor distance plotted versus particle density as extracted from FreSCa 
cryo-SEM (filled squares) and AFM images (open triangles). Green: uncharged core microgels; 
blue: charged core microgels; black: uncharged core-shell microgels; red: charged core-shell 
microgels. Compression isotherms of the uncharged (green) and the charged (blue) core 
microgels are also shown. The grey rectangle marks random particle arrangement and the black 
line shows the x
-1/2
 relation between D and Np area
-1
. 
In contrast to the Langmuir trough deposition followed by AFM measurements, FreSCa 
images were taken not only of the core but also of the core-shell microgel, and the 
corresponding interparticle distances are also included in Figure 34. This allows a 
comparison of arrangement of the different microgel morphologies after spontaneous 
adsorption to the interface. A higher number of particles per area is found for the core 
particles compared to the core-shell microgels that can be attributed to the smaller size of 
the core particles. However, a normalization of the data to the microgel size at the 
interface shows that both microgel types reach area fractions close to 1 after spontaneous 
adsorption (Figure 41) and no significant difference in the interfacial coverage of the 
core and the core-shell microgel can be detected.  
Microgels deform at the interface after adsorption and appear in a flattened shape, with 
the loosely-crosslinked corona being spread out at the interface to produce a high 
interfacial coverage with polymer segments.
[10-11]
 This is reflected in the lower particle 
density at the interface after self-assembly from the bulk (squares in Figure 34) compared 
to the compressed microgels after assembly in a Langmuir trough (triangles in Figure 
34). The interparticle distance is strongly reduced under compression, corresponding to 
an increasing surface pressure. The surface pressure reaches a plateau when the microgels 
cannot be compressed further.  
Additional evidence of the compressed nature of microgels after deposition on a solid 
substrate can be gathered by calculating the area fraction φ that is occupied by microgels 
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as reported in Figure 41. The area fraction is calculated assuming the size of the 
uncompressed microgels at a flat oil-water interface as previously determined from 
FreSCa cryo-SEM micrographs.
[11]
 As also evidenced in Figure 35, which shows the 
hexagonal order parameter ξ6 as a function of area fraction, very high values of φ beyond 
1 are obtained, implying a strong compression of the microgels at the interface at the 
highest values of surface pressure. Even though the actual size of the microgels in the 
AFM images after exposure to the oil phase and drying may not correspond to their 
hydrated size at the interface (a comparison of the size on the substrate with the 
hydrodynamic diameter measured in bulk shows that the microgels are indeed collapsed 
on the substrate – see Methods section), from the AFM images in Figure 31 and Figure 
32 it can still be noticed that when the microgels come into contact, their size, measured 
after deposition, decreases as they are compressed against each other.  
In a recent paper, the size of microgels at the interface was compared to compression 
isotherms. Significant shrinking of the microgels was observed after compression as well 
as after spontaneous adsorption by comparison of the isotherms with measured microgel 
sizes resulting from cryo-SEM imaging and light scattering.
[35]
 This evidence further 
supports the finding that the microgel size on the substrates in the dried state do not 
represent the real size at the interface.
[37]
  
Self-assembly (FreSCa images, Figure 28) as well as directed assembly under 
compression (AFM images, Figure 31 and Figure 32) can produce microgel layers with 
high local order. The degree of structural order can be quantified by computing the 
hexagonal order parameter ξ6 as a function of the area fraction (Figure 35).  
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Figure 35. Hexagonal order parameter ξ6 as a function of the area fraction φ for the core and the 
core-shell microgel after self-assembly (imaging with FreSCa cryo-SEM, squares) and for the 
core microgel after directed assembly in a Langmuir trough (imaging with AFM, triangles). 
Uncharged (core: green; core-shell: black) as well as charged microgels (core: blue; core-shell: 
red) were used for both methods. Note the break in the abscissa. 
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Random arrangement results in an absolute value of ξ6 ≈ 0.4, values of ξ6 closer to 1 
indicate higher ordering. A high area fraction (i.e. high particle density) results in a high 
ordering for both assembly methods and no clear difference can be found between the 
charged and the uncharged state of each microgel type. This leads to the conclusion that 
the ordering and the particle density do not depend strongly on electrostatic interactions. 
As mentioned in the introduction, the behaviour of microgels at interfaces and of 
microgel-stabilized emulsions exhibits complex dependence on charge effects. For 
instance, oil droplets covered with oppositely charged microgels do not coalesce when 
they meet.
[12]
 Moreover, counterintuitively, monolayers of charged microgels are more 
easily compressed than monolayers of uncharged microgels
[13]
, emphasizing the minor 
role played by electrostatics compared to steric interactions and the interplay between the 
latter and the deformability and softness of the particles at the interface. Finally, the core-
shell microgel produces slightly higher ordering after self-assembly at similar area 
fractions compared to the core microgel. This suggests that the presence of the PNiPAM 
shell has an effect on the particle arrangement at the interface.  
The self-assembled microgels cover an area fraction between 0.25 and 1 with no preferred 
order. In contrast to that, the samples taken from the Langmuir trough show a steep 
increase of ξ6 at an area fraction around 0.5 that indicates the transition from random to 
hexagonal order. The microgels assembled directly under compression show a high 
degree of ordering as soon as hexagonal order appears. Thus, a higher and more specific 
degree of ordering can be achieved after direct assembly in the Langmuir trough than 
after self-assembly from the bulk phase.  
Interestingly, ξ6 seems to decrease again when the close packing at high area fractions is 
reached for samples taken from the Langmuir trough (triangles around φ≈8). This is due 
to the fact that upon strong compression smaller crystalline domains are formed which 
give lower values of ξ6. From the AFM image Figure 31h we can assume that buckling 
occurs at high loading of the interface. This may lead to reduced measured crystalline 
order of the interfacial microgel layer. 
Different groups have shown that the size of the polymeric layer influences the 
arrangement at interfaces. Polymers stretch at the oil-water interface to cover a maximum 
area
[10-11, 38-39]
 leading to an arrangement where the interparticle distance is influenced by 
the thickness of the polymeric layer.
[16, 22, 30]
 Horecha et al. imaged ordered microgel 
arrays with AFM and could resolve the core-corona structure adopted by microgels at 
interfaces.
[40]
 It can thus be expected that the presence of a loosely cross-linked shell 
influences the arrangement at liquid interfaces and subsequently the imaged microgels on 
solid substrates. In the present study the corona was visible in the FreSCa cryo-SEM 
micrographs but not in the AFM images. The center-to-center distance is similar to the 
size of the corona in the former case and it is thus likely that the corona influences the 
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particle distance. In the latter case, the center-to-center distance is not constant but 
decreases when the particles are compressed. It is therefore expected that the arrangement 
under compression is not mainly governed by the thickness of the polymeric shell. 
Otherwise, particle rearrangement, the formation of multilayers or increased presence of 
defects would be dominant instead of an ordered array with varying particle density. The 
influence of the corona can in this case be overcome by compression. 
7.5 Conclusion 
In this paper we demonstrated that externally controlled microgel monolayers with high 
degree of two-dimensional crystalline order can be prepared and deposited in a Langmuir 
trough. The results have also been compared to in situ inspection of monolayers of the 
same particles produced by spontaneous adsorption and self-assembly.  
In general, we found that the two methods produced similar structures at the interface and 
that no significant differences in the interface microstructure are obtained using different 
microgel types and pH. Overall, spreading and compression lead to a much higher degree 
of control on the monolayer order and inter-particle spacing, with marked advantages 
from an application perspective. Furthermore, the presence of charges and different 
particle architecture did also not influence the assembled structures and in all cases the 
inter-particle separation versus area concentration followed the square-root law for a soft 
repulsive hexagonal lattice. In this case though, the main driving force for the soft 
repulsion does not come from electrostatics, but rather from the compressibility of the 
corona of polymer surrounding the particles at the interface.
[13]
  
Even though spontaneous adsorption is very attractive due to its simplicity, the interplay 
between particle mobility and interface microstructure implies that at high surface 
concentrations crystallization of the monolayer requires extended cooperative 
rearrangements of the particles.
[41]
 Consequently, and due to slow relaxation of the 
interfacial tension and thus microgel arrangement, the structure observed by FreSCa cryo-
SEM may not be the steady-state one. This obstacle is overcome by Langmuir-Blodgett 
deposition of microgel monolayers starting with a defined, uniform packing density that 
is slowly and uniformly increased by interface compression. Following the second 
approach, direct and systematic production of microgel arrays of different center-to-
center distance is thus possible.  
In summary, our results emphasize once more the differences in the preparation of Gibbs 
monolayers, where particles spontaneously adsorb in the presence of excess in the bulk, 
to Langmuir monolayers, where a fixed amount of particles is spread at the interface. In 
the former case, the microstructure of the interface is determined by the competition 
between the adsorption rate and the timescale for particle rearrangements at the interface; 
ORDERED MICROGEL ARRAYS 
78 
in the latter, it emerges as a balance between the compression rate and the rate of the 
particle rearrangements. The fact that the microgels are practically irreversibly trapped at 
the interface indicates that relaxation processes can only take place via particle mobility 
and interactions within the interface and not through an adsorption/desorption 
equilibrium. Both routes offer in principle the possibility to tune the microstructure of the 
interface, either by controlling the adsorption rate and bulk concentration in the Gibbs 
case, or by controlling the compression rate and the spread amount in the Langmuir case. 
Our results show that, in practice, the second route is much more effective for the 
fabrication of two-dimensional ordered microgel arrays, where the interparticle separation 
can be easily tuned by changing the surface pressure upon compression. 
The deposition of controlled, large-area arrays of microgels could therefore pave the way 
for surface patterning and lithography after assembly at a fluid interface, similar to what 
has already been shown by using hard colloidal particles,
[15]
 but with far more potential 
stemming from the flexibility of the design and responsiveness of soft microgel particles.  
7.6 Experimental Part 
Materials. N-heptane (Merck, 99%) and n-hexane (Sigma-Aldrich, 99%) were used as 
received. 0.1M HCl and 0.1M NaOH were used to adjust the pH and Milli-Q water at pH 3 
or pH 9 was used as subphase in the Langmuir trough measurements. The microgels were 
placed at the interface in a mixture of aqueous 1 wt% microgel dispersion (pH 3 or pH 9) 
with isopropyl alcohol (IPA, 99.8%, Merck) in a ratio of 5:1 (v:v).  
Microgel Synthesis and Characterization. The microgel synthesis was done by 
standard precipitation polymerization with surfactant and was already described in detail 
elsewhere.
[11]
 An ALV-5000 instrument with light of 633 nm wavelength was used to 
determine the hydrodynamic diameter dw of the microgels in bulk by dynamic light 
scattering (DLS). Sizes dw = 276 ± 3 nm and dw = 362 ± 4 nm were measured for the core 
microgel at pH 3 and pH 9, and dw = 378 ± 9 nm and dw = 400 ± 4 nm for the core-shell 
microgel at pH 3 and pH 9. Electrophoretic mobility was measured with a NANO ZS 
Zetasizer (Malvern Instruments, UK) to be -0.09 ± 0.01 10
-8 
m
2
 V
-1
 s
-1
 at pH 3 and 
-0.70 ± 0.03 10
-8 
m
2
 V
-1
 s
-1
 at pH 9 for the core microgel, and -0.05 ± 0.02 10
-8 
m
2
 V
-1
 s
-1
 
at pH 3 and -0.22 ± 0.02 10
-8 
m
2
 V
-1
 s
-1
 at pH 9 for the core-shell microgel. The content of 
MAA in the microgels was determined by pH titration to 6.3 ± 0.6 wt% for the core 
microgel and 2.8 ± 0.5 wt% for the core-shell microgel. The interfacial tension data 
(reported in the Supporting Information) was measured on a DSA100 (Krüss GmbH) with 
a pendant drop module. A drop of the microgel dispersion of 0.1 wt% was created in a 
cuvette filled with n-heptane. A video camera recorded the evolution of the drop shape 
with time. The calculation of the IFT was performed by image analysis with a drop shape 
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analysis program supplied by the manufacturer. The diameter of the microgels at the 
interface determined from FreSCa cryo-SEM imaging is di = 559 ± 49 nm (pH 3) and 
di = 534 ± 14 nm (pH 9) for the core microgel and di = 642 ± 66 nm (pH 3) and 
di = 671 ± 22 nm (pH 9) for the core-shell microgel.
[11]
 The area fraction for both 
assembly methods was calculated from the number of particles per area and the size of 
the microgels in the FreSCa cryo-SEM images (di). The size of the microgels at the AFM 
substrates was determined using the automatic particle tracking procedure implemented in 
ImageJ.
[42]
 The diameter of the core microgel on the substrate at pH 3 corresponding to 
the images in Figure 31 is 262 ± 26 nm (a), 334 ± 38 nm (b), 270 ± 34 nm (c), 
365 ± 33 nm (d), 254 ± 35 nm (e), 202 ± 9 nm (f), 172 ± 8 nm (g) and 142 ± 6 nm (h). 
The diameter at pH 9 corresponding to the images in Figure 32 is 287 ± 42 nm (A), 
253 ± 28 nm (D1), 266 ± 32 nm (D2), 222 ± 24 nm (E) and 202 ± 6 nm (G).  
FreSCa Cryo-SEM. The sample preparation for FreSCa cryo-SEM is described in detail 
elsewhere.
[11, 32]
 In brief, the aqueous microgel suspension (0.1 wt%) was placed inside a 
custom-made copper holder and a droplet of heptane was carefully placed on top to create 
the liquid-liquid interface. Then the holder was closed with a flat copper plate, vitrified in 
a liquid propane jet freezer (Bal-Tec/Leica JFD 030, Balzers/Vienna) and mounted under 
liquid nitrogen onto a double fracture cryo-stage. It was transferred under inert gas in a 
cryo-high vacuum airlock (< 5×10
-7
 mbar Bal-Tec/Leica VCT010) to a pre-cooled freeze-
fracture device at -140°C (Bal-Tec/Leica BAF060 device) and then the samples were 
fractured and partially freeze-dried at -100°C for 1 min. This was followed by 
unidirectional tungsten deposition at an elevation angle α = 30° to a total thickness 
δ = 2 nm at -120°C and by additional 2 nm with a continuously varying angle between 
90° and 30°. Freeze-fractured and metal-coated samples were then transferred for 
imaging under high vacuum (< 5×10
-7
 mbar) at -120°C to a pre-cooled (-120°C) cryo-
SEM (Zeiss Gemini 1530, Oberkochen) for imaging either with an in-lens or secondary 
electron detector.  
Image Analysis. The center of particles in the FreSCa cryo-SEM and AFM images were 
located using the well-known Crocker and Grier
[43]
 algorithm written IDL (Exelis Visual 
Information Solutions) which is publicly available.
[44]
 The radial distribution function and 
the order parameter ξ6 are calculated with custom-written IDL routines. ξ6 is a commonly 
used order parameter to detect the presence of hexagonal order in two-dimensional atomic 
or colloidal structures.
[45-46]
 Its calculation proceeds via the identification of each 
particle’s nearest neighbors using a triangulation algorithm. Once the nearest neighbors 
are identified, the absolute value of ξ6 is calculated for each particle as  
 ξ6 = 1/6 ‹∑j |exp(i6θj)|›, ( 14 ) 
where θj is the angle between the selected particle and the j-th nearest neighbor. For 
perfect hexagonal ordering ξ6 is 1 for each particle in the lattice; deviations from 
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hexagonal ordering, including a number of nearest neighbors different from 6, lead to 
values smaller than one.  
Langmuir Trough Measurements and Deposition of Microgels on Substrates. 
Compression isotherms were recorded at room temperature with a home-made Langmuir 
trough. The trough was made from teflon and was equipped with two movable Delrin 
barriers, a Wilhelmy balance with a Pt-plate and a dipping device. The compressible area 
between the barriers equalled 210 cm
2
 and the plate was placed parallel to the barriers. 
The dipping arm did not disturb the interface during lifting due to the special shape of the 
trough. In a typical measurement, the lower part of the trough was filled with water at 
pH 3 or pH 9. A silicon wafer (cleaned by sonication in toluene and ethanol and plasma-
hydrophilization) was mounted on the dipping arm and lowered into the subphase. The 
water-air interface was cleaned with a suction pump and the Wilhelmy plate was placed at 
the interface. Then n-hexane was added, the Wilhelmy balance was set to zero and the 
microgel-IPA solution was placed directly at the interface with a Hamilton syringe. The 
interface was left to equilibrate for 30 min before the compression was started. A velocity 
of 10 mm min
-1
 was used for compression. At a trough area of 57 cm
2
 the compression ws 
stopped and the silicon substrate was lifted through the interface with a speed of 8.56 mm 
min
-1
. Alterations of the layer during deposition were avoided by using hexane as oil and 
thus minimizing capillary forces and viscous drag. Additionally, the substrate was moved 
at a slow speed to reduce flow effects and to ensure that it dried faster than the extraction 
speed (the samples dried immediately when pulled out of the hexane). After each 
measurement, the trough, the barriers and the Pt-plate were cleaned thoroughly with 
ethanol and large amounts of Milli-Q water. 
AFM Imaging. AFM height images were obtained by tapping mode AFM (DI 
Dimension 3000, Olympus AC240 Si tips, k = 48.9-58.8 N/m, scan size 15x15 µm
2
, 
512x512 pixel
2
 acquire at 0.5 Hz) and the height was converted into a 256 bit grey scale 
for the particle location analysis.  
7.7 Supporting Information 
Influence of Adsorption Time on the Particle Arrangement (Non-Uniform Microgel 
Assembly) 
The microstrcuture of the interface obtained from adsorption and self-assembly depends 
on the time allowed for adsorption. A steady-state interfacial tension (IFT) and thus a 
saturation interface coverage is reached after a time that depends on the microgel 
concentration in the aqueous phase, the temperature and the softness of the particles. The 
adsorption process is purely diffusion-controlled at the beginning but is later influenced 
by particle spreading and rearrangement at the interface.
[6]
 The time between sample 
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loading and freezing in a FreSCa cryo-SEM experiment is below 60 s. From previous 
results on P(NiPAm) microgels
[6]
 and IFT-measurements of the core and the core-shell 
microgel (Table 4) it can be concluded that the steady state is not reached when the 
sample is frozen. Thus it is possible that local variations in the particle density and 
arrangement are found at the interface. Small deviations in the sample preparation may 
have a large effect on the particle arrangement. 
Table 4. Interfacial tension of the core and the core-shell microgels at different conditions after 
60 s and in quasi-equilibrium (8000 s). Dispersions of 0.1 wt% microgel in water were measured 
against n-heptane. 
  
after 60 s 
[mN/m] 
after 8000 s 
[mN/m] 
core 
microgel 
uncharged (pH 3) 19.8 17.0 
charged (pH 9) 38.3 21.9 
core-shell 
microgel 
uncharged (pH 3) 24.9 16.7 
charged (pH 9) 23.4 16.8 
Figure 36 shows a FreSCa cryo-SEM image where the packing density as well as the 
ordering shows variations. Areas with high order coexist with less ordered regions. The 
image does not represent an equilibrium state but a snapshot of the particle arrangement 
at the interface, which is influenced by the concentration gradients that are present at the 
interface.  
 
Figure 36. FreSCa cryo-SEM image of core-shell microgels in the charged state. Different 
packing densities are observed at the interface. Areas with high concentration show rather close, 
hexagonal packing, whereas the microgels have a liquid-like structure at areas with lower 
concentration.  
The evolution of local structure towards more hexagonally ordered packing shows that 
the particles are able to move at the interface after adsorption. Mobility of P(NiPAm) 
microgels at the air-water interface was also shown by Cohin et al. who demonstrated that 
P(NiPAm) microgels at the air-water interface diffuse towards each other and form 
clusters after adsorption to the interface.
[5]
 Nevertheless, most of the images show 
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uniform particle distributions over the field of view. In contrast to the self-assembled 
microgel layers, the microgel particles in the Langmuir trough have experienced an 
equilibration time of 30 min when the compression starts. This may also facilitate the 
formation of highly ordered microgel assemblies. 
Radial Distribution Functions of Microgel Assemblies Determined from AFM 
Images 
Figure 37 and Figure 38 show the radial distribution functions of the uncharged (Figure 
37) and the charged (Figure 38) microgel. The functions were calculated from the AFM 
images shown in Figure 31 and Figure 32, respectively.  
 
Figure 37. Radial distribution functions of the uncharged microgel as calculated from the AFM 
images in Figure 31. 
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Figure 38. Radial distribution functions of the charged microgel as calculated from the AFM 
images in Figure 32. 
Microgel Adsorption From Drying Droplets 
In addition to the presented experiments, we investigated dried droplets of microgel 
solution (0.01 wt%) on solid silicon substrates (Figure 39). We did not observe 
hexagonal order but random arrangement with small center to center distances, 
represented by the g(r) functions (Figure 40). We could not reproduce the findings of 
Tsuji and Kawaguchi, who reported that the center-to-center distance is independent of 
the microgel concentration and that only the covered area is changing.
[22]
 
 
Figure 39. AFM images of a dried drop of 0.01 wt% microgel solution in the uncharged (left) and 
the charged (right) state.  
These short experiments showed that direct formation of hexagonal arrays of the 
presented microgels is not simple when droplets of different concentrations are dried on 
solid substrates. Drying very sensitively depends on several parameters (e.g. temperature, 
drop size, surface properties) and drying conditions have to be precisely controlled to 
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ensure reproducibility. This highlights once more the advantages of the Langmuir-
Blodgett method. 
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Figure 40. g(r) functions calculated from the images given in Figure 39. No long range order can 
be observed. 
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Figure 41. Nearest neighbor distance D as a function of the area fraction φ, where φ = 1 denotes 
complete coverage of the interface. The area fraction was calculated from the number of particles 
per µm
2
 and the size of the particles at the interface as determined from FreSCa cryo-SEM 
micrographs. Area fractions above one indicate that the particles are compressed. Imaging was 
performed for the core and the core-shell microgel after self-assembly (imaging with FreSCa cryo-
SEM, squares) and for the core microgel after directed assembly in a Langmuir trough (imaging 
with AFM, triangles). Uncharged (core: green; core-shell: black) as well as charged microgels 
(core: blue; core-shell: red) were used for both methods. Note the break in the abscissa. 
  
ORDERED MICROGEL ARRAYS 
85 
7.8 References 
[1] S. U. Pickering, J. Chem. Soc. Trans. 1907, 91, 2001-2021. 
[2] W. Ramsden, Proc. R. Soc. London 1903, 72, 156-164. 
[3] R. Aveyard, B. P. Binks, J. H. Clint, Adv. Colloid Interface Sci. 2003, 100-102, 
503-546. 
[4] J. Zhang, R. Pelton, Langmuir 1999, 15, 8032-8036. 
[5] Y. Cohin, M. Fisson, K. Jourde, G. G. Fuller, N. Sanson, L. Talini, C. Monteux, 
Rheol. Acta 2013, 52, 445-454. 
[6] Z. Li, K. Geisel, W. Richtering, T. Ngai, Soft Matter 2013, 9, 9939-9946. 
[7] C. Monteux, C. Marliere, P. Paris, N. Pantoustier, N. Sanson, P. Perrin, Langmuir 
2010, 26, 13839-13846. 
[8] W. Richtering, Langmuir 2012, 28, 17218-17229. 
[9] V. Schmitt, V. Ravaine, Curr. Opin. Colloid Interface Sci. 2013, 18, 532-541. 
[10] M. Destribats, V. Lapeyre, M. Wolfs, E. Sellier, F. Leal-Calderon, V. Ravaine, V. 
Schmitt, Soft Matter 2011, 7, 7689-7698. 
[11] K. Geisel, L. Isa, W. Richtering, Langmuir 2012, 28, 15770-15776. 
[12] T. Liu, S. Seiffert, J. Thiele, A. R. Abate, D. A. Weitz, W. Richtering, Procl. Nat. 
Acad. Sci. 2012, 109, 384-389. 
[13] K. Geisel, L. Isa, W. Richtering, Angew. Chem., Int. Ed. 2014, 126, 5005-5009. 
[14] D. Menne, F. Pitsch, J. E. Wong, A. Pich, M. Wessling, Angew. Chem., Int. Ed. 
2014, 53, 5706-5710. 
[15] L. Isa, K. Kumar, M. Müller, J. Grolig, M. Textor, E. Reimhult, ACS Nano 2010, 4, 
5665-5670. 
[16] S. Ullrich, S. P. Scheeler, C. Pacholski, J. P. Spatz, S. Kudera, Part. Part. Syst. 
Charact. 2013, 30, 102-108. 
[17] N. Vogel, C. K. Weiss, K. Landfester, Soft Matter 2012, 8, 4044-4061. 
[18] A. Burmistrova, R. v. Klitzing, J. Mater.Chem. 2010, 20, 3502-3507. 
[19] K. Horigome, D. Suzuki, Langmuir 2012, 28, 12962-12970. 
[20] S. B. Quint, C. Pacholski, Soft Matter 2011, 7, 3735. 
[21] S. Schmidt, T. Hellweg, R. v. Klitzing, Langmuir 2008, 24, 12595-12602. 
[22] S. Tsuji, H. Kawaguchi, Langmuir 2005, 21, 2434-2437. 
[23] J. Peng, D. Zhao, X. Tang, F. Tong, L. Guan, Y. Wang, M. Zhang, T. Cao, 
Langmuir 2013, 29, 11809-11814. 
[24] G. R. Hendrickson, M. H. Smith, A. B. South, L. A. Lyon, Adv. Funct. Mater. 2010, 
20, 1697-1712. 
[25] J. Kim, M. J. Serpe, L. A. Lyon, J. Am. Chem. Soc. 2004, 126, 9512-9513. 
[26] L. Hu, M. J. Serpe, ACS Appl. Mater. Interfaces 2013, 5, 11977-11983. 
[27] J. Kim, S. Nayak, L. A. Lyon, J. Am. Chem. Soc. 2005, 127, 9588-9592. 
ORDERED MICROGEL ARRAYS 
86 
[28] Y. Xia, X. He, M. Cao, C. Chen, H. Hu, F. Pan, J. R. Lu, Biomacromolecules 2013, 
14, 3615-6325. 
[29] S. Tsuji, H. Kawaguchi, Langmuir 2005, 21, 8439-8442. 
[30] N. Vogel, C. Fernandez-Lopez, J. Perez-Juste, L. M. Liz-Marzan, K. Landfester, C. 
K. Weiss, Langmuir 2012, 28, 8985-8993. 
[31] E. Wolert, S. M. Setz, R. S. Underhill, R. S. Duran, M. Schappacher, A. Deffieux, 
M. Hölderle, R. Mülhaupt, Langmuir 2001, 17, 5671-5677. 
[32] L. Isa, F. Lucas, R. Wepf, E. Reimhult, Nat. Commun. 2011, 2, 438. 
[33] L. Isa, Chimia 2013, 67, 231-235. 
[34] M. Stieger, W. Richtering, J. S. Pedersen, P. Lindner, J. Chem. Phys. 2004, 120, 
6197-6206. 
[35] F. Pinaud, K. Geisel, P. Massé, B. Catargi, L. Isa, W. Richtering, V. Ravaine, V. 
Schmitt, Soft Matter 2014, 10, 6963-6974. 
[36] H. Monteillet, M. Workamp, J. Appel, J. M. Kleijn, F. A. M. Leermakers, J. 
Sprakel, Adv. Mater. Interfaces 2014, 1, 1300121. 
[37] S. Schmidt, H. Motschmann, T. Hellweg, R. v. Klitzing, Polymer 2008, 49, 749-
756. 
[38] L. Isa, D. C. E. Calzolari, D. Pontoni, T. Gillich, A. Nelson, R. Zirbs, A. Sánchez-
Ferrer, R. Mezzenga, E. Reimhult, Soft Matter 2013, 9, 3789-3797. 
[39] C. A. Rezende, J. Shan, L.-T. Lee, G. Zalczer, H. Tenhu, J. Phys. Chem. B 2009, 
113, 9786-9794. 
[40] M. Horecha, V. Senkovskyy, A. Synytska, M. Stamm, A. I. Chervanyov, A. Kiriy, 
Soft Matter 2010, 6, 5980-5992. 
[41] K. Schwenke, L. Isa, E. D. Gado, Langmuir 2014, 30, 3069-3074. 
[42] W. S. Rasband, ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, 
USA, http://imagej.nih.gov/ij/ , 1997-2014. 
[43] J. C. Crocker, D. G. Grier, J. Colloid Interface Sci. 1996, 179, 298-310. 
[44] E. R. Weeks, J. C. Crocker, http://www.physics.emory.edu/~weeks/idl/. 
[45] M. Schmidt, H. Löwen, Phys. Rev. E 1997, 55, 7228-7241. 
[46] K. G. Ayappa, R. K. Mishra, J. Phys. Chem. B 2007, 111, 14299-14310. 
 
TRANSMISSION X-RAY MICROSCOPY 
87 
8. New Insight into Microgel-Covered Interfaces Using 
Transmission X-Ray Microsopy: Non-Uniform Deformation 
and Arrangement of Microgels at Liquid Interfacesd 
8.1 Abstract 
Microgel-covered interfaces, e.g. in emulsions, attract much interest lately. Different 
imaging techniques have been used to image these interfaces, either flat or curved, to 
investigate their properties and appearance. Techniques like cryogenic-scanning electron 
microscopy (cryo-SEM) and confocal microscopy have provided valuable insight into 
microgel-covered systems but still have some disadvantages like part of the microgels 
being trapped in vitrified liquid or the need of fluorescence markers. Some of these 
disadvantages can be overcome by using transmission x-ray microscopy (TXM) which 
has the advantage of allowing the investigation of adsorbed and free microgels 
simultaneously. We used TXM to acquire tomographic image series of microgel-covered 
droplets and calculated 3D reconstructions from these image stacks. As a result, we could 
show that microgels deform anisotropically and penetrate into the oil droplets in the 
hydrated state. Additionally, 3D reconstruction gives an idea of the arrangement of 
microgels adsorbed to oil droplets and reveals that droplet stabilization is possible without 
full coverage of the interface with polymer segments. 
8.2 Introduction 
Microgels are soft, polymeric particles that assemble at liquid interfaces and lower the 
interfacial tension very effectively
[1-5]
. They can thus be used to stabilize emulsions.
[6-16]
 
Microgels composed of poly(N-isopropylacrylamide) posses special properties (for 
instance softness, deformability and stimuli-sensitivity towards external parameters) that 
differentiate the respective emulsions from the ones stabilized with solid particles.
[10, 13, 17-
20]
 In particular, these emulsions can be broken on purpose by changing external 
parameters like temperature or pH, offering various applications for instance in 
biocatalysis.
[21-22]
 To get an extensive view on possible applications of microgel-stablized 
emulsions, it is crucial to investigate the microgel-covered interface in detail. This has 
been done at flat and curved interfaces by using different cryo-SEM methods.
[23-31]
 These 
methods combine relatively easy sample preparation and experimental setup with the 
possibility to image deformation, arrangement and, to some extent, 3D location of the 
microgels at the interface. However, the determination of the exact size, shape and 
location at the interface is difficult because a large part of the microgels is surrounded by 
                                                 
d
 This chapter was published in Langmuir: K. Geisel, K. Henzler, P. Guttmann, W. Richtering, Langmuir 
2015, 31, 83-89. 
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vitrified liquid. Although special methods like freeze-fracture shadow-casting (FreSCa) 
cryo-SEM provide information about the protrusion height into the oil phase,
[32-33]
 the 
microgels’ shape in the water phase remains unseen.  
Another valuable method to image microgel-covered interfaces is confocal 
microscopy.
[34-37]
 However, this technique is limited in the sense that, similar to electron 
miscoscopy, no direct visualization of the microgels’ appearance is possible.  
Transmission x-ray microscopy (TXM) has been proven to be a useful tool for the 
analysis of biological material and gives direct insight into the internal structure of the 
species under investigation.
[38-41]
 The setup provided at the beamline U41-TXM at the 
Helmholtz-Zentrum Berlin - Electron Storage Ring BESSY II allows to acquire a series 
of images taken under different viewing angles. Subsequently, sectional views can be 
reconstructed from these tilt series and a complete 3D-view of the sample can be gained. 
The investigation of biological material with x-rays is advantageous due to the large 
difference in x-ray transmission between carbon and oxygen at an appropriate wavelength 
(within the so-called water window between 4.37 nm and 2.29 nm).
[40]
 Samples with a 
thickness of several µm can be studied with TXM, contrary to the small sample thickness 
in, for instance, cryo-transmission electron microscopy (TEM). The possibility to image 
relatively thick samples is one of the main advantages concerning the investigation of 
microgel-stabilized emulsions with a droplet diameter of several µm. Previous projects 
investigated large droplets with diameters a lot larger than the microgel diameter. Here 
we investigate smaller droplets where the size of the droplets is in the range of the 
microgels due to sample preparation requirements for TXM. Due to sample preparation 
(cp. Methods section), the investigated droplets in TXM are not much larger than the 
microgels attached to theses droplets. Furthermore, TXM opens the possibility to 
investigate adsorbed and bulk microgels in an aqueous environment and in 3D 
simultaneously, making this method superior to cryo-SEM methods. Still, the remaining 
difficulty in TXM-imaging of microgels lies in their hydrated state, resulting in a low 
contrast between microgels and the surrounding water. Thus, contrary to emulsions 
stabilized by solid particles (Pickering emulsions), where imaging of particle-covered 
droplets is possible even with light microscopes due to large particle size and high 
contrast, 
[6, 17, 19, 42-44]
 imaging of microgel-stabilized emulsions is a challenge. 
In this contribution, we present tilt series and 3D reconstructions of microgel-covered 
emulsion droplets. A special, non-uniform deformation of the microgels at the droplets is 
visualized where we give proof that the microgels protrude into the oil phase in the 
hydrated state. Furthermore, a 3D impression of the microgel arrangement around 
droplets is gained.  
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8.3 Results 
The synthesis and characterization of the microgels used in this study are described in 
detail elsewhere.
[26]
 Microgels were synthesized by surfactant free precipitation 
polymerization following a semi-batch synthesis approach, leading to core-shell 
microgels with inhomogeneous charge distribution but rather homogeneous crosslink 
density. The core of the microgels consists of poly(N-isopropylacrylamide-co-methacrylic 
acid), P(NiPAm-co-MAA), while the shell does not contain any MAA but only 
P(NiPAm). Thus, a deprotonation of the acidic groups at high pH induces charges that are 
mainly located in the interior of the microgel. The electrophoretic mobility is -0.5·10
-8
 
m
2
/V·s at pH 3 and -1.24·10
-8
 m
2
/V·s at pH 9.
[26]
 Despite the low amount of surface 
charges, the microgel swells due to increased osmotic pressure and the hydrodynamic 
radius increases from 610 nm at pH 3 to 785 nm at pH 9. Even though the charges in the 
core are shielded by an uncharged shell, the size and thus properties like deformability 
and softness change with changing pH. The resulting properties at the interface may also 
be different and not directly influenced by Coulomb interactions.
[35, 45]
  
TXM images of microgel-stabilized emulsions were taken in the cryo-state at different 
viewing angles. Due to the fact that x-ray radiation can produce beam damage in organic 
samples, images at 0° tilt angle were taken before and after acquiring tilt series to check 
the samples for radiation-induced changes. Neither the microgels nor the droplets suffered 
from beam damage (Figure 45). The dimensions of the bright concave areas at the 
droplet surface were also not affected by the x-ray beam and were therefore attributed to 
hydrated microgels protruding into the oil droplet, as discussed in more detail below. 
Additionally, the droplets’ internal structure does not change during tomogram 
acquisition which excludes beam damage in this case. TXM apparently reveals 
inhomogeneities inside the oil droplets that differ from the expected homogeneous oil 
phase and more sophisticated methods are required to shed light on the origin and details 
of the droplet structure. As we cannot explain these structures sufficiently within the 
scope of this contribution, no further analysis is presented.  
Images taken at 0° tilt angle are presented in Figure 42. The oil droplets appear black 
resulting from significantly lower transmittance than the water phase and the microgels, 
which are located at the oil-water interface around the droplets. Additionally, free 
microgels are still present in the aqueous phase due to an excess of microgels during 
emulsion preparation. Nevertheless, microgels are accumulated around the droplets 
demonstrating their high affinity to interfaces, as it has been reported before by several 
groups using different imaging techniques and measurements of the interfacial tension. 
The porous, sponge-like structure of the microgels is also visible in some cases (Figure 
42c, higher magnification image in Figure 46). This characteristic microgel structure has, 
TRANSMISSION X-RAY MICROSCOPY 
90 
to the best of our knowledge, only once been imaged before at the surface of emulsion 
droplets with microscopic methods.
[26]
 
 
Figure 42. TXM images of microgel-stabilized emulsions taken at 0° tilt angle. The droplets 
appear as spheres of low transmittance. The microgels are either arranged around the droplets or 
free in the water phase. a, b) charged microgel at pH 9, heptane as oil phase. c, d) uncharged 
microgel at pH 3, decane as oil phase. 
The adsorbed microgels appear as round objects with a diameter of 1.33 ± 0.07 µm at 
pH 9 (Figure 42 a and b) and 1.25 ± 0.06 µm at pH 3 (Figure 42 c and d). The difference 
in size between charged and uncharged microgels is thus very small even though the size 
in bulk depends on the pH.
[26]
 This is not surprising because in previous studies it was 
shown that the microgel behavior and the degree of spreading or deformation at the 
interface are not influenced by the presence of charges in a straightforward manner even 
if the charges are present at the surface of the microgels.
[29, 35, 45]
 
Additionally, the microgel size at the droplet surface is just slightly larger than the 
diameter of the non-adsorbed microgels (d = 1.30 ± 0.04 µm at pH 9 and 
d = 1.17 ± 0.06 µm at pH 3), indicating that the microgels experience little deformation. 
This is in contrast to other studies concerning microgels at liquid interfaces where a core-
corona morphology with a dense core surrounded by a corona of flat, spread polymer 
segments was found to cover the interface in close hexagonal packing.
[25, 29]
 However, 
these studies were performed on microgels smaller than the ones used in the TXM 
measurements, and size may influence the microgels’ deformability at the interface (see 
Discussion). 
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Exemplary views from different angles of one of the tilt series are shown in Figure 47. 
Full animated videos of the tilting can also be found in the Supporting Information. 
Tomograms were calculated from the tilt series using TomoJ,
[46-47]
 a plugin for the 
publicly available software ImageJ.
[48]
 Videos of sample tomograms are given in the 
Supporting Information.  
One aspect of a tomogram is shown in Figure 43 in more detail: features at the droplet 
surface indicate that the microgels penetrate into the droplets. This supports the 
assumption that the main part of the hydrophilic microgels is hydrated and situated in the 
water phase. Due to the very low solubility of microgel particles in oil, only a small but 
still hydrated part is situated in the oil phase.
[29, 49]
 Thus, small concave areas at the 
surface of the droplets represent the microgels’ penetration into the oil.  
 
Figure 43. Z-view through deformed microgels at the surface of an oil droplet. The microgels’ 
deformation and penetration into the droplet can be seen in d (white arrows). Images are cut from 
the tomogram reconstructed from the tilt series corresponding to Figure 42d (videos S3 and S4). 
The distance in z-direction between each image is 0.25 µm. 
The deformation seems to be unaffected by charges in the microgels as the ratio of short 
and long axis of the deformed microgels is around 0.85 for the charged as well as for the 
uncharged microgel. Although microgels undergo pH-dependent swelling in bulk and 
thus possess different deformability, the potentially resulting difference in the 
deformation at the interface cannot be resolved with TXM in this case. It was already 
shown earlier that the microgel deformation at flat oil-water interfaces does not depend 
on the presence of charges in the microgel.
[29]
 The deformation of the microgel is thus 
independent from the swelling behavior arising from charge effects. Assuming that the 
microgels penetrate into an otherwise spherical droplet, the approximate penetration 
depth is around 300 nm. This corresponds to 20% (pH 9) and 30% (pH 3) of the size in 
bulk, as measured with dynamic light scattering (DLS) and published previously.
[26]
 This 
percentage is in the same range as the protrusion height determined in another study for 
smaller microgels.
[29]
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It was possible to calculate a 3D model from the tomograms by using the software 
imod.
[50-51]
 The model represents microgels as spherical objects arranged around a 
spherical droplet (Figure 44). The 3D representation illustrates the centers of mass and 
gives an impression of the position of the microgels at the droplet surface. As discussed 
earlier, spherical symmetry is a harsh simplification of the real appearance of both 
microgels and droplets.  
The microgels arrange randomly around the droplet with large uncovered areas between 
them. This is in contrast to previous publications, where hexagonal arrangement was 
found for large arrays of microgels at flat and curved interfaces.
[1, 23, 25-26, 29, 36-37, 52-59]
 
However, the sample preparation and experimental setup in TXM only allows to image 
small droplets and the resulting consequences on microgel arrangement are discussed in 
detail in the following section. 
 
Figure 44. Snapshots of a 3D illustration of microgels (green) around an oil droplet (black). A 
360° view is provided as video in the Supporting Information (S5). The scale bar is 1 µm. 
8.4 Discussion 
TXM imaging showed that microgels indeed accumulate around oil droplets and an 
excess of microgels exists in the bulk phase. The main part of the microgels at the droplet 
surface is situated in the water phase and only a small, hydrated part protrudes into the oil 
phase, similar to what has been proposed previously.
[29, 37]
  
However, there are some differences between the results presented above and previously 
published studies on microgel-covered liquid interfaces. First, the deformation of the 
microgels is different from the one observed in previous measurements, including the 
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absence of spreading at the interface and the resulting similar size of free and adsorbed 
microgels. Second, the arrangement is different from that observed on large droplets and 
flat interfaces. In the following paragraph, these aspects will be discussed.  
It is possible to investigate microgels adsorbed at droplet surfaces as well as free 
microgels simultaneously with TXM. Previous publications showed either microgels at 
interfaces or microgels in bulk, but especially the extensively used cryo-SEM methods 
are restricted to imaging the interface. Microgels in bulk have a spherical shape and, 
surprisingly, TXM imaging revealed that this almost holds for adsorbed microgels, too. 
Some of the adsorbed microgels protrude into the oil droplet and are thus deformed, but 
otherwise these microgels are spherical. It could have been anticipated that the microgels 
spread at the interface to cover a large area with polymer segments and the absence of 
spreading may be due to different reasons. First, the crosslinker distribution and crosslink 
density have strong influence on the deformability of microgels. The crosslinker 
distribution in conventionally synthesized microgels is not homogeneous but decreases 
towards the periphery of the microgel.
[60]
 A semi-batch method was used for the synthesis 
of the microgels in this study, leading to a homogenous crosslinker distribution that may 
hinder spreading due to the crosslinked shell. However, cryo-SEM images of emulsion 
drops show that the same microgels are connected with filaments resulting from 
spreading of the polymer shell
[26]
 and homogenously crosslinked microgels have also 
been shown to spread at planar interfaces.
[29]
 These equivocal findings lead to the 
conclusion that there must be other properties inhibiting spreading than the crosslink 
density. Additionally, the low contrast between polymer and water may also cause the 
filaments to remain unseen in TXM if the spreading was small.  
TXM allows investigation of droplets with a diameter of several µm but the droplet size 
distribution of the used emulsion is very high, ranging from several µm to hundreds of 
µm. The blotting of the emulsion on the grid results in removal of large droplets and thus 
only small droplets remain where the droplet size is not much larger than the microgels’ 
size (Figure 42). Small emulsion droplets imply that the microgels virtually see a bent 
interface which may also constrict spreading. Microgels adsorbed to large drops do not 
experience spreading either but a combination of large microgel size and curved 
interfaces may be energetically unfavorable and thus prevent the microgels from 
spreading. High energy input is needed to deform large particles at the interface, or, in 
other words, the energy that is gained if the particles spread at the interface and cover a 
high area with polymer segments is smaller than the energy that is necessary to produce 
the spreading. If the extent of spreading was small in comparison with the overall 
microgel size, it could also be assumed that the spreading cannot be resolved due to the 
large size of the microgels. Additionally, the contrast between microgels and water is 
naturally low and complicates an analysis of the exact appearance of the microgels due to 
blurred transitions from microgel to surrounding water. The low contrast was also an 
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issue when droplets covered with microgels with a hydrodynamic radius of 100 nm or 
300 nm, respectively, were imaged. The microgels were not visible due to their small size 
and the low contrast between the microgels and the surrounding water. It was thus not 
possible to analyze the deformation or arrangement of small microgels.  
The 3D representation revealed that microgels arrange randomly around droplets with 
distances larger than the microgel diameter; they are not closely packed or otherwise in 
contact (Figure 44). No hexagonal packing is observed, contrary to previous experiments 
performed on flat interfaces and large emulsion droplets. Due to residues of the initiator, 
the microgels have a small negative surface charge even at low pH when the acidic 
groups are protonated. At high pH, deprotonation leads to an increase in surface charge, 
even though the charges in the core are still shielded by the uncharged shell (the 
electrophoretic mobility of the microgels is given in the results section).
[26]
 It was shown 
in previous studies that electrostatic repulsion does not govern the arrangement at 
microgels at oil-water interfaces.
[59, 61]
 Additionally, experiments performed on flat 
microgel-covered interfaces in a Langmuir trough indicate that charged microgels can be 
compressed even further than uncharged ones before changes in the surface pressure can 
be measured.
[45]
 Therefore, it is assumed that electrostatics do not dominate the microgel 
arrangement at droplets neither at low nor at high pH.  
Microgels adsorbed to an oil-water interface are fully hydrated but nevertheless partially 
situated in the oil phase. The interface is bent around the hydrated particles and the 
microgels are not in direct contact with the oil phase; thus, the collapse of the microgels is 
avoided (Figure 43). Nevertheless, the dangling chains at the surface of the microgels are 
in contact with the oil phase and we expect these chains to be collapsed. However, this 
cannot be visualized with TXM. It was also shown by pendant drop experiments that the 
VPTT of PNiPAm microgels does not change at the alkane-water interface, even though 
the dangling polymer chains may be collapsed when they are in contact with the oil 
phase.
[2, 62]
 The resulting deformation of the oil-water interface is much larger and thus 
energetically unfavorable in the case of large particles, leading to a reduced coverage of 
the interface as compared to smaller microgels. In general, the arrangement at small drops 
may well differ from large and flat interfaces due to the already mentioned size and 
curvature effects. Furthermore, the adsorption from the bulk, as it is the case in emulsion 
preparation, cannot be controlled accurately and different microgel structures and 
morphologies have also been found previously that deviate from hexagonal 
arrangement.
[49, 59]
 These results show that stable emulsion droplets can be produced 
without the interface being covered completely with polymer segments.  
The solubility of the microgels in the oil phase may also have effects on the behavior of 
microgels at the interface. In this study, heptane and decane were used which are non-
solvents for PNiPAm microgels and do not swell the microgels. A distortion of the oil-
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water interface is observed, as discussed earlier. Previous studies on microgel-stabilized 
water-in-octanol emulsions revealed pronounced differences to emulsions containing 
alkanes as oil phase.
[26-27, 63-64]
 PNiPAm microgels can be swollen by octanol, even 
though the solubility is still low, and they change their swelling properties in bulk after 
contact with octanol. They lose, for instance, their temperature-responsiveness and the 
resulting emulsions are of the water-in-oil type although the microgels are dispersed in 
the water phase. This represents anti-Finkle behavior.
[26-27]
 Water and octanol are also 
soluble to a certain extent and there is an interfacial region of saturated solvents that has 
effects on the properties of the microgels present at that interface. They are at least 
partially swollen by octanol and it is thus assumed that the interface does not bend around 
the microgels as it is the case when alkanes are used as oil phase. As a result, the 
deformation of microgels at octanol-water interfaces would probably be different from 
alkane-water interfaces. 
The use of collapsed microgels is another possibility to investigate the influence of the 
microgels’ deformability and swelling properties on their deformation and arrangement at 
the interface. Different experiments can be conducted. First, sample preparation can be 
performed at temperatures above the microgels’ volume phase transition temperature 
(VPTT). PNiPAm-based microgels possess a VPTT of 32°C, meaning that sample 
preparation has to be performed with external temperature control. Additionally, the 
plunge-freezing of a sample at elevated temperatures requires a special setup. Secondly, 
PNiPAm microgels collapse in solvents containing water and methanol in a certain ratio, 
which is known as the cononsolvency effect. If the aqueous phase contains 20 mol% 
methanol, microgels collapse and adsorb to the interface in the collapsed state without the 
need to increase the temperature.
[65]
 Thirdly, equimolar copolymers of NiPAm and 
DEAm (N,N-diethylacrylamide) possess a VPTT in water of 20°C.
[66]
 This also allows the 
preparation of interfaces covered with microgels in the collapsed state at room 
temperature. It has already been shown that the coverage of the emulsion droplets 
depends on the preparation temperature of the emulsion,
[28]
 and we expect that collapsed 
microgels adsorb to the interface in a different state than the swollen ones. However, the 
experiments mentioned above are experimentally challenging and beyond the scope of 
this paper. They will be pursued in future projects and can provide important information 
about the effects of deformability and microgel softness. It would then be possible to 
compare interfaces covered with swollen or collapsed microgels directly 
8.5 Conclusion 
TXM tomography is a valuable tool to investigate microgel-stabilized emulsions in situ 
and to receive a 3D image of the system and the appearance of both droplets and 
microgels. Direct and simultaneous imaging of microgels at droplet surfaces and in bulk 
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provides valuable information about the porous structure of microgels and the deformed 
part of the microgels protruding into the oil phase in the hydrated state. Furthermore, 
tomograms and 3D visualization of microgel-covered droplets give new insight into the 
microgel arrangement with the result that, contrary to previous findings, it is not 
necessary to cover the interface completely with polymer segments to achieve stable 
droplets. This combination of information on different scales, namely the overall 
appearance of microgel-covered droplets and the internal structure of the microgels, is an 
important advantage of TXM over other microscopic methods like electron microscopy or 
confocal microscopy.  
8.6 Materials and Methods 
Microgel Synthesis and Characterization. Microgel synthesis and characterization was 
described in detail elsewhere.
[26]
 In brief, a degassed solution of NiPAm, MAA and N,N’-
methylenebisacrylamide (BIS) as crosslinker was heated to 70°C and the polymerization 
was initiated with potassium persulfate (KPS). 15 min after the first turbidity was 
observed, further NiPAm and BIS was added continuously with a syringe pump. After the 
addition was complete, a second portion of KPS was added and the reaction was left to 
proceed for 5 h. This two-step procedure leads to microgels with more homogeneous 
swelling properties than conventional precipitation polymerization. Different reaction 
rates of monomers and crosslinker do not lead to an inhomogeneous crosslinker 
distribution due to the addition of reactants in the course of the synthesis. 
Emulsion Preparation. Emulsions were prepared from 4.2 mL microgel dispersion in 
water (1 wt%) at pH 3 or pH 9 and 1.8 mL n-heptane or n-decane. Microgel dispersions 
of samples 1a and 1b contained 16 mM CsCl to increase the contrast. Changes in the 
alkane chain length of the oil do not influence the resulting emulsion. Emulsification was 
performed at room temperature with an Ultra-Turrax T25 homogenizer (Janke and 
Kunkel IKA-Labortechnik) at 8000 rpm for 30 s. 
Transmission X-Ray Microscopy. Specifically designed gold grids (HZB-2) coated with 
perforated carbon foil (R2/2) were purchased from Quantifoil Micro Tools GmbH, Jena, 
Germany. A detailed description of the grids can be found elsewhere.
[39]
 After plasma 
treatment for hydrophilization, the grids were mounted in a plunge freezer. The emulsion 
(5 µL) was applied to the grid (additional 5 µL of Au-NP solution (200 nm) were placed 
on the grid after the emulsion in the case of samples 1c and 1d) and was blotted with filter 
paper. The sample was then vitrified by plunge-freezing in liquid ethane
[38]
 and stored in 
liquid nitrogen afterwards. TXM measurements were performed at the beamline U41-
TXM at the Helmholtz-Zentrum Berlin – Electron Storage Ring BESSY II with a 25 nm 
zone plate objective and a photon energy of 510 eV. Tilt series were recorded with a step 
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size of 1° from -60° to +60° (sample a), -50° to +50° (samples b and c) or -65° to +65° 
(sample d). Special care was taken that no features like the grid bar moved into the field 
of view during sample rotation.  
Image Analysis. Image analysis and measurements of microgel size were performed with 
ImageJ
[48]
. Reconstructions from the tilt series (stacks with 101, 121 or 131 images, 
depending on the sample) were calculated with TomoJ,
[46-47]
 a plugin publically available 
for ImageJ. TomoJ allows fiducialless alignment by creating landmarks from image 
features and following these landmarks during alignment and reconstruction. 
Reconstruction was performed using the SIRT algorithm with 30 iterations and a 
relaxation coefficient of 1. The thickness of the reconstruction was chosen according to 
sample conditions. The 3D model was reconstructed using imod
[50-51]
 and the drawing 
tool and interpolation plugins. The sculpture tool was used to draw a circle around the 
microgel (or droplet) at the respective slide with the correct diameter previously measured 
with ImageJ. The circle was then automatically extended in z and –z direction assuming a 
spherical appearance of the feature. 
8.7 Supporting Information 
 
Figure 45. TXM images taken at 0° tilt angle before (left) and after (right) tomogram recording. No 
beam damage can be observed. Small changes in the brightness and contrast can be attributed 
to changes in the focus and illumination of the beam.  
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Figure 46. High magnification TXM image of a microgel-covered emulsion droplet. The porous, 
sponge-like structure of the microgels is visible.  
 
Figure 47. Example images of a tilt series, images taken (from a to f) at -50°, -30°, -10°, +10°, 
+30° and +50°. The complete tilting can be seen in the video file S1 and the reconstructed 
tomogram in video S2. 
Video S1
e
: Tilting of Figure 42b. 
Video S2: Reconstruction of Figure 42b.  
Video S3: Tilting of Figure 42d. 
                                                 
e
 Videos can be requested from the author or are available free of charge via the internet at 
http://pubs.acs.org.  
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Video S4: Reconstruction of Figure 42d. 
Video S5: 3D arrangement of microgel-covered emulsion droplet. 
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9. Characterization of Microgel-Stabilized Emulsions Using 
Small-Angle Neutron Scattering 
9.1 Abstract 
Small-angle neutron scattering (SANS) was used to characterize microgel-stabilized 
emulsions with respect to the microgel location, deformation and the extent of protrusion 
in the oil phase. In addition to the scattering of dispersed microgels in an aqueous buffer 
system the scattering of emulsions was measured in the creamed droplet phase as well as 
in the lower, clear phase containing non-adsorbed microgels. Different scattering 
contrasts were used to gain information about the microgels themselves and the droplet 
interface. Measurements at full contrast showed that free microgels in bulk do not change 
their appearance after contact with heptane during emulsification but they do change after 
contact with octanol. The difference between free and adsorbed microgels is small in the 
case of the heptane emulsion but very pronounced when octanol is used as oil. Contrast 
variation experiments were performed with the scattering length density of the aqueous 
phase and the heptane phase, respectively, being adjusted to the microgels’ scattering 
length density. Analysis of the Porod regime of the scattering of the droplet phase 
resulted in a slope higher than 4, meaning that the interface is neither sharp nor 
completely continuous. As the difference between the samples is very small, the 
microgels are distributed rather evenly between oil and water phase. 
9.2  Introduction 
The exact appearance, shape and arrangement of microgels around oil droplets have been 
subject of different studies, some of them in the scope of this thesis. However, 
unambiguous findings are still missing.
[1-5]
 Preparation method, particle concentration and 
external forces, for instance shear applied during emulsification, are suspected to 
influence both particle deformation and arrangement.
[6-7]
 Small angle neutron or x-ray 
scattering (SANS and SAXS) are valuable tools to investigate the structure and properties 
of emulsions as such and also the properties of the droplet interface. 
For instance, perfluorodecalin-in-water emulsions stabilized by poly(N-
isopropylacrylamide-co-ethylenglycol methacrylate (poly(NiPAm-co-PEGMa)) chains 
form gels at temperatures above 50°C.
[8]
 The gelation behavior was investigated using 
SANS and different scattering contrasts were chosen to gain individual information about 
the droplets and the adsorbed polymer. The coil-to-globule transition of the polymers 
induces gelation by the formation of a polymer network between the droplets. Further 
investigation concerning emulsions stabilized by surfactants,
[9-12]
 polymers
[13]
, polymer-
surfactant mixtures
[14]
 and nano-crystals
[15]
 show the variety of applications that are 
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possible using SANS and contrast variations, ranging from characterization of the 
interface to the determination of the droplet size distribution and Ostwald ripening. 
Furthermore, a form factor model was developed to fit scattering data of large spheres 
covered with small spheres like Pickering emulsions and raspberry particles.
[16-17]
 In this 
model, information can be gained without the need to perform contrast variation. 
Moreover, it accounts for free particles in solution that are not adsorbed to the emulsion 
droplets. 
Deviations from the Porod law have been observed in several studies. For instance, 
porous silica with pore boundaries derivatized with alkyl chains of different length has 
been investigated with SAXS. The power law in the Porod regime showed exponents 
between 4 and 5 depending on the alkyl chain length and the surface coverage. This 
indicates a continuous scattering profile with fuzzy pore boundaries where the scattering 
density does not change abruptly. A higher slope represents a fuzzier pore surface.
[18]
 The 
thickness of the interfacial layer and the amount of adsorbed asphaltene particles has been 
determined with a SANS study on crude oil emulsions. The droplets exhibited classical  
q
-4
 dependence in the Porod regime, showing the smooth surface of the droplets where 
particles are sitting only at the droplet surface without extension into the droplet phase.
[19-
21]
 Other groups used surfactant-stabilized emulsions in SANS studies and determined 
both film properties and surfactant distribution in oil and water phase, respectively.
[22]
 
However, all these analyses were based on the assumption that the particles or molecules 
form a dense layer around the emulsion droplets and there was no difference in the SLD 
of inner and outer emulsion phase. The first does not hold for microgels at liquid 
interfaces and thus complicates the quantitative analysis of the scattering data. Therefore, 
only a qualitative assessment of the data is given in this chapter.  
Different types of SANS experiments were performed to shed light on the position and 
distribution of microgels at the oil-water interface. A dispersion of microgels in 
deuterated buffer (d-buffer) at pH 9 was investigated in a first experiment to obtain the 
scattering profile of free microgels in bulk. Subsequently, SANS experiments were 
performed on emulsions. All emulsions showed strong creaming due to the density 
difference between oil and water, resulting in a clear aqueous phase covered by a droplet 
phase (Figure 48). Thus, the scattering of all samples was measured once in the clear 
phase and once in the droplet phase.  
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Figure 48. SANS cuvettes with a dispersion of 0.2 wt% microgel in buffer at pH 9 (350 µL) 
covered with heptane (150 µL) a) before, b) directly after and c) 1 h after emulsification by 
vigorous shaking by hand. Rapid and strong creaming is observed in b), resulting in a clear lower 
phase and a turbid droplet phase. The density of the droplet phase increases with time and can 
be increased using careful centrifugation (c). 
The SLD of D2O and heptane-d16 (d-heptane) is very similar (Table 5) but different from 
the microgels’ SLD. Measurements at full contrast were thus performed in an emulsified 
system containing d-buffer, d-heptane and microgels. This case is depicted in Figure 49a, 
the scattering contribution arises only from the microgels as the contrast of oil- and water 
phase is matched.  
 
Figure 49. Proposed contrast variation of microgel-covered emulsion droplets. For simplicity, 
microgels are shown as non-deformed spheres. a) full contrast, aqueous phase and oil phase are 
matched. b) contrast variation of the aqueous phase, microgels and aqueous phase are matched. 
c) contrast variation of the oil phase, microgels and oil phase are matched. 
Contrast variation of the aqueous and the oil phase, respectively, was used in a second set 
of experiments to yield information about the interface. The principle behind contrast 
variation is shown in Figure 49b and c. Different solvent ratios were used to match the 
contrast of the microgels to either the droplets or the aqueous phase, leading to a 
scattering contribution from the interface of the droplets only. The droplets are expected 
to have a rough or fuzzy surface depending on the extent of microgel protrusion in both 
phases. There are small concave or convex areas resulting from the part of the microgels 
that is protruding into the respective phase and the interface shows different degrees of 
roughness depending on which phase is matched to the microgels. Previous experiments 
showed that the part of the microgels penetrating the oil is still hydrated,
[2]
 meaning that 
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the interface is bent around the microgels. Analysis of the slope of the scattering curve in 
the Porod regime can show the degree of microgel protrusion in the respective phase. 
9.3 Results 
9.3.1 Scattering of Microgels in Buffer 
The investigated emulsions are a polydisperse system of heptane droplets dispersed in an 
aqueous phase where the surface of the droplets is covered by microgel particles. The 
microgel is a poly(N-isopropylacrylamide-co-methacrylic acid) (P(NiPAm-co-MAA)) 
microgel synthesized by precipitation polymerization with surfactant. The microgel 
exhibits pronounced temperature- and pH-dependent swelling. However, the presented 
SANS experiments were only conducted at room temperature in a buffer system of pH 9 
where the microgel is swollen and charged. The respective emulsions with the uncharged 
microgel at pH 3 could not be investigated because of poor long-time stability in the 
measurement cuvette. The hydrodynamic radius of the microgel in bulk is Rh = 86 ± 1 nm 
(measured with DLS in d-buffer at pH 9 at 20°C). Due to different reactivity of the 
monomers and the crosslinker, the crosslink density is not homogeneous but decreases 
towards the periphery of the microgel, leading to a fuzzy appearance of the microgel’s 
surface. This inhomogeneity is represented by specific scattering and can be fitted with a 
fuzzy sphere model that differs from that of homogeneous, hard spheres.
[23-24]
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Figure 50. Form factor curve and corresponding fuzzy sphere fit of microgels in bulk (d-buffer, pH 
9). 
The scattering curve of microgels in buffer at pH 9 and the corresponding form factor fit 
are shown in Figure 50. The scattering can be fitted with the fuzzy sphere model that 
applies to microgels with inhomogeneous crosslink density (equation 12). Fit parameters 
can be found in the supporting information (Table 6). The fit yields a mean radius of 
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R = 49.6 ± 0.2 nm and a thickness of the fuzzy layer σ = 11.8 ± 0.3 nm resulting in 
RSANS = R + 2σ = 73.2 ± 0.6 nm. 
9.3.2 Scattering of Emulsions with Heptane 
Scattering at Full Contrast 
The scattering curves and the corresponding form factor fit of the emulsion with d-
heptane and d-buffer (full contrast to the microgels) are shown in Figure 51. A fuzzy 
sphere fit of the clear, lower phase gives R = 49.7 ± 0.2 nm and σ = 12.3 ± 0.3 nm, thus 
RSANS = 74 ± 0.6 nm. These results are the same as the ones obtained for the microgel in 
bulk (Figure 50), showing that the free microgels in bulk do not change their appearance 
after emulsification.  
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Figure 51. Scattering of microgels at full contrast (d-buffer/d-heptane) in the (a) clear and (b) 
droplet phase of the emulsion.  
The fuzzy sphere fit of the scattering of the droplet phase results in R = 47.5 ± 0.5 nm and 
σ = 10.6 ± 0.5 nm, RSANS then being 68 ± 1 nm. No other fit routines, for example on the 
basis of ellipsoidal particles, gave reasonable results. The slightly smaller radius of 
microgels in the droplet phase may be attributed to changes in the microgel structure 
when attached to the droplet. However, it is difficult to differentiate the scattering 
contributions coming from free and adsorbed microgels. A comparison of the form factor 
curves shows that there is indeed a difference between free microgels in bulk (clear 
phase) and free+adsorbed microgels (droplet phase) around q = 0.01 Å
-1
. A subtraction of 
the free microgel scattering from the droplet phase scattering does not yield any curves 
that could be fitted reasonably due the difference between the curves being only marginal. 
In brief, there may be a difference between microgels in bulk and adsorbed to liquid 
interfaces. However, this difference could not be resolved in the presented set of 
experiments unambigously.  
SMALL-ANGLE NEUTRON SCATTERING 
107 
Contrast Variation of the Aqueous Phase 
Calculations provide a ZAC point of 20.6 % d-buffer in h-buffer
f
 with the microgels (see 
Methods section) and mixtures containing 10%, 20% and 30% d-buffer were used for 
SANS experiments, respectively.
[25]
 In the following sections, the term 10/90 denotes a 
mixture of 10% d-buffer and 90% h-buffer, always referring to volume ratios. The same 
holds for 20/80 (20% d-buffer) and 30/70 (30% d-buffer). Microgels in these mixtures 
have a scattering intensity 100 times lower than that of microgels in pure d-buffer (Figure 
52). Thus, all mixtures are close to the ZAC point. The 20/80 and 30/70 mixtures have a 
lower intensity than the 10/90 mixture and the 30/70 mixture does not differ much from 
the 20/80 mixture. 
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Figure 52. Form factor curves of microgels in 10/90 (black), 20/80 (red) and 30/70 (green) 
mixtures of d-buffer:h-buffer. Open squares show non-solvent corrected scattering. Closed 
squares represent scattering after solvent correction of the respective solvent mixture. 
The correct determination of the ZAC point can be done with the parabolic method or the 
linear method (Figure 53). Both yield a ZAC point around 25% d-buffer in h-buffer 
(parabolic: 25.5%; linear: 25.3%), confirming that the 20/80 and 30/70 mixture are 
similar close to the ZAC point. Due to the lack of beamtime, no emulsion containing 25% 
d-buffer was investigated and the discussion below deals with the 20/80 mixture instead. 
                                                 
f
 Percentages refer to the volume of the respective phase before mixing. For instance, 20% d-buffer in h-
buffer means that 2 mL d-buffer were mixed with 8 mL h-buffer. 
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Figure 53. Determination of the ZAC point of microgels in d:h-buffer mixture with the parabolic (a) 
and the linear method (b). The ZAC point is at 25.5% and 25.3 % d-buffer in h-buffer, 
respectively. The intensity of the third point at q = 0,00303 Å
-1
 of the solvent corrected scattering 
curve in Figure 52 was used for the analysis. 
The scattering of the clear phase and the droplet phase of the 20/80 buffer mixture is 
presented in Figure 54. The clear phase shows low intensity scattering due to low 
contrast, similar to what is presented in Figure 52. The droplet phase does not show the 
typical form factor of a fuzzy sphere because the microgel SLD is matched to the aqueous 
phase. Thus, the scattering comes from the droplet surface and can be fitted with a power 
law following  
             ( 15 ) 
with A being the intensity at q = 1, the decaying power m and the background b.  
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Figure 54. Form factor curves of 20/80 buffer mixture of the a) clear phase (microgels in buffer), 
b) droplet phase (droplets of d-heptane covered with microgels) with power law fit. Error bars in b 
are too small to see properly. 
The scattering of the droplet phase in the Porod regime shows a slope of 
4.679 ± 0.007 cm
-1
 Å for the 20/80 mixture. The difference in the slope of the 10/90 and 
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30/70 mixtures is very small (Table 7) and the Porod scattering is thus not influenced 
largely by the different contrasts. The scattering of the 10/90 and 30/70 mixtures is shown 
in the supporting information (Figure 58). 
Contrast Variation of the Heptane Phase 
Contrast variation was also performed with different ratios of d-heptane to h-heptane, 
namely 10/90, 20/80 and 30/70. The calculated matchpoint with the microgels is at 20.6% 
d-heptane in h-heptane.
[25]
 As the microgels are not soluble in heptane, it is not possible 
to determine the matchpoint of the heptane mixtures and microgels experimentally. It is 
assumed that the 20/80 mixture agrees best with the ZAC point and the scattering is 
shown in Figure 55. The scattering of clear and droplet phases of 10/90 and 30/70 
mixtures is presented in the supporting information (Figure 59). 
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Figure 55. Form factor curves of the 20/80 mixture of the contrast variation experiments of the oil 
phase. The clear phase (a) was fitted with a fuzzy sphere fit and the droplet phase (b) with a 
power law fit. Fit parameters for all fits can be found in the supporting information (Table 8). 
The scattering of the lower part of the emulsion can be fitted with a fuzzy sphere fit, 
resulting in a radius of R = 49.5 ± 0.2 nm and a σsurf = 12.3 ± 0.3 nm, leading to a 
RSANS = 74 ± 0.6 nm. This is the same value as for the microgels in buffer without 
heptane, showing again that no changes in the microgel structure occur for the free 
microgels after emulsification.  
The scattering of the upper phase can be fitted with a power law fit and yields a slope in 
the Porod regime of 4.796 ± 0.008 cm
-1
 Å. Again, there is not much difference in the 
slope of the different contrasts and the different to the slope of the aq. matched sample 
(4.679 ± 0.007 cm
-1
 in Figure 54) is small (Table 7). Consequences arising from the 
similarity in the slope are discussed in the next section. 
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9.4 Discussion 
The linear regime of the droplet phase scattering between 0.005 Å
-1
 < q< 0.02 Å
-1
 can be 
analyzed by using Porod and Kratky plots (Figure 56). A Porod plot of I(q)q
4
 versus q 
leads to a horizontal asymptote if the scattering follows strict q
-4
 dependence in this 
regime (Equation 13).
[26]
 As expected, the plot deviates from this behavior due to the 
slope of the scattering of the emulsions being different from 4. The respective Kratky plot 
of the form I(q)q
n
, n being the expected exponent, reveals that an exponent of n = 4.679 
for the variation of the aqueous phase and n = 4.796 for the oil phase indeed smoothens 
the data significantly.
[8]
 This confirms that the slope is different from q
-4
 behavior, as it 
has been determined using power law fits in the previous chapter. 
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Figure 56. Porod (a) and Kratky (b) plot of the 20/80 mixtures of the variation of the aqueous 
phase (red, n = 4.679) and the oil phase (black, n = 4.796). Only the linear regime of the 
scattering (0.005 Å
-1
 < q < 0.02 Å
-1
) was used for the analysis.  
No quantitative analysis of the Porod regime can be performed due to the deviation from 
q
-4
 behavior. However, there are several qualitative conclusions that can be drawn from 
the experiments. 
First, free microgels in bulk are not affected by emulsification with heptane when they are 
not adsorbed to an interface. The scattering curves of free and adsorbed microgels do not 
exhibit strong changes, indicating that the microgels do not change their size and form 
significantly when adsorbed to the interface. Additionally, microgels at the interface do 
not behave like a complete layer but still as individual particles, as a fuzzy sphere fit 
represents the scattering properly. However, it is possible that changes in size or 
deformation cannot be detected by SANS in the presented setup and sample environment. 
There are still free microgels present in the aqueous phase between the droplets and, 
depending on the ratio of free and adsorbed microgels, it is well possible that small 
changes in the scattering of the adsorbed microgels cannot be detected due to prominent 
scattering of free microgels. Thus, the scattering curve in Figure 51b can be a 
superposition of different curves. A combination of different fits to account for this 
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superposition was not successful and no reasonable combination could be found. To 
estimate what percentage of the microgels is present in the droplet phase, the scattering 
intensity of the microgels in buffer (Figure 50) and the clear phase of the emulsion 
(Figure 51) were compared. The intensity of the microgels in buffer at low q is 94.855 
cm
-1
. With the intensity of the lower phase of the emulsion being 83.548 cm
-1
, 12% of the 
initial microgel concentration of 0.2 wt% is present in the upper phase of the emulsion. 
Still it is possible that most of the microgels are not adsorbed to the interface, and that the 
scattering is dominated by these free microgels instead of the adsorbed ones.  
The analysis of SANS scattering curves can be facilitated if the limited coalescence 
technique was used for emulsion preparation. No excess microgels would then be present 
in the aqueous phase and thus the scattering of the droplet phase at full contrast only 
arises from microgels adsorbed to the interface. A problem that may occur is the higher 
tendency of droplets to aggregate if the microgel concentration is lowered, as in the case 
of limited coalescence. Bridged microgels between aggregated droplets may bring an 
additional microgel shape to the system and complicate the analysis of the scattering 
data.
[6-7]
 
Second, the slope of the scattering of the contrast matched samples (Figure 54b and 
Figure 55b) provides information about the interface between oil and water phase. The 
slope is 4.679 ± 0.007 cm
-1
 Å in the case of the aqueous matched sample (20/80 mixture) 
and 4.796 ± 0.008 cm
-1
 Å for the 20/80 mixture of the oil matched sample. A sharp 
interface leads to a slope of -4 in the Porod regime whereas a continuous scattering 
profile produces a slope of -6.
[20]
 Thus, the interface of the emulsion droplets is neither 
completely sharp nor continous. The microgels sitting at the interface form bumps at the 
interface, resulting in a more continuous interfacial profile. It can also be stated that the 
free space between the microgels must be limited, otherwise the interface would be 
dominated by sharp transitions and the slope would be even closer to 4.  
A second information that can be extracted from the slope in the Porod regime is that the 
difference between aqueous and oil matched samples is only marginal. A higher slope 
(meaning more negative) arises from a more continuous interface profile and thus larger 
inhomogeneities at the interface that arise from microgel attachment. A slope being 
slightly higher for the oil matched sample fits to the assumption made in Figure 49c. The 
microgels are situated mostly in the aqueous phase and thus forming larger bumps at the 
interface when matched to the oil phase. Due to Babinet’s principle it cannot be 
distinguished between the sign of curvature of an interface.
[18]
 Thus, statements 
concerning the roughness of the interface can be made only with the exception of defining 
the direction of the roughness. One possibility to increase the difference in roughness is to 
use larger microgels and produce larger differences in the protrusion height in the 
aqueous and the water phase. 
SMALL-ANGLE NEUTRON SCATTERING 
112 
A third conclusion that can be drawn from the slope is that the microgels are distributed 
rather evenly between oil and water when situated at the interface due to the small 
difference in the slope of oil and water matched samples. This is in contrast to previous 
findings, where it was shown with cryo-SEM and TXM that the main part of the 
microgels is situated in the water phase.
[1-2]
 However, it cannot be excluded that different 
preparation methods influence the microgel distribution at the interface and may thus lead 
to different results. 
9.5 Scattering of Emulsions with Octanol at Full Contrast 
Octanol was chosen as oil phase of the emulsion in addition to the experiments with 
heptane. Microgels are slightly more soluble in octanol than in heptane, even though the 
solubility is still low. This difference leads to changing properties of the microgels after 
contact with octanol as well as of the corresponding emulsions. Pure PNiPAm microgels 
lose their temperature-responsiveness and P(NiPAm-co-MAA) microgel shows different 
swelling properties after contact with octanol. Additionally, contrary to emulsions 
containing alkanes as oil, the resulting emulsions with octanol are of the water-in-oil type, 
representing an anti-Finkle rule as the microgels are dispersed in the droplet phase.
[5, 27-29]
 
However, octanol emulsions used for SANS experiments were of the oil-in-water type 
and exhibited creaming of the oil droplets, even though creaming was slower than in the 
case of heptane emulsions. It is also important to notice that octanol emulsions showed 
less stability and microgels tend to aggregate after contact with octanol. This may lead to 
inhomogeneous microgel distribution even in the clear phase. The low intensity of the 
scattering of the clear phase may also indicate microgel aggregation in bulk.  
Scattering was measured at full contrast (d-buffer/microgel/d-octanol) in the lower, clear 
phase and in the creamed droplet phase (Figure 57). The scattering of the clear phase 
should show the scattering of free microgels in the aqueous bulk phase. However, there 
are deviations from the expected trend at low q and different minima appearing at 
medium q-range compared to microgels in bulk. As a result, a fuzzy sphere fit does not 
represent the scattering properly over the whole q-range. 
SMALL-ANGLE NEUTRON SCATTERING 
113 
1E-3 0,01 0,1
1E-3
0,01
0,1
1
10
100
 
 
I 
(q
) 
[c
m
-1
]
q [Å
-1
]
a
1E-3 0,01 0,1
1E-3
0,01
0,1
1
10
100
 
 
I 
(q
) 
[c
m
-1
]
q [Å
-1
]
b
 
Figure 57. Scattering of the clear phase (a) and the droplet phase (b) of the octanol emulsion at 
full contrast (d-buffer/microgel/d-octanol). Lines represent different fuzzy sphere fits (for details 
see text). Solvent correction was performed by subtracting buffer background scattering from the 
clear phase and octanol background scattering from the droplet phase. 
In Figure 57a, the fuzzy sphere fit over the whole q-range (green line) does not represent 
the minima neither at high nor at medium q. Applying the fit only to medium q-range (red 
line) leads to a more reasonable result with RSANS = 37 ± 1 nm. This is still much below 
the expected size of microgels in bulk (RSANS = 74 ± 0.6 nm) to be completely reasonable 
but may give a hint in that the microgels change their size after contact with octanol 
during emulsification.
[5, 29]
 It can be observed that the high q region can be fitted more 
properly with a fuzzy sphere fit than the whole q region. That leads to the conclusion that 
the scattering at low q is dominated by other features (aggregates, droplets, air bubbles). 
However, a combination of gauss sphere and fuzzy sphere fits to allow for large droplets 
or air bubbles did not lead to reasonable results. Constraining the fitting parameters to 
values that are expected based on the fit of microgels in bulk (Table 6) did not lead to 
meaningful results either.  
The droplet phase shows a similar scattering curve as the clear phase at medium q-range 
and a good fit with the fuzzy sphere model was not possible (Figure 57b). Other fit 
models like ellipsoids or gauss spheres could also not be used successfully. As even 
microgels in bulk are affected by short contact with octanol during emulsification, it can 
be expected that the microgels at the interface in direct contact with octanol may exhibit 
stronger changes concerning swelling properties, shape and size. Part of the microgels is 
probably protruding into octanol and due to the higher solubility of the microgels in 
octanol compared to heptane the difference in swelling is more pronounced. Thus, the 
microgels’ shape at the octanol-water interface may well differ from that at the heptane-
water interface. 
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9.6 Conclusion 
SANS and especially the contrast variation technique provide information about the 
microgels at the interface and the roughness of the interface. The shape of microgels at 
the interface can be compared to free microgels when measurements are performed at full 
contrast and contrast variation offers the possibility to investigate the interface itself and 
to gain information about the roughness of the interface, i.e. the degree of microgel 
protrusion into the oil phase. The transition from droplets to continuous phase is neither 
completely sharp nor continuous, indicating that the microgels are protruding into the oil 
phase. However, contrary to previous findings, the distribution of microgels between oil 
and water phase seems to be rather even. Changing the size of the microgels and the 
method of emulsion preparation or using methods like scattering at interfaces (Grazing 
Incidence (GI)-SAXS or –SANS) can help to clarify this ambiguity and to overcome the 
drawbacks in data collection and analysis of classical SANS measurements presented 
above. 
9.7 Materials and Methods 
Materials. N-isopropylacrylamide (NiPAm, Acros Organics, 99%), methacrylic acid 
(MAA, ABCR, 99%, stabilized with 100-250 ppm hydroquinone or 4-methoxyphenol), 
N,N’-methylenebisacrylamide (BIS, AppliChem, molecular biology grade), potassium 
persulfate (KPS, Merck, 99%), the fluorescent label methacryloxyethylthiocarbamoyl-
rhodamine B (MRB, PolySciences), sodium dodecylsulfate (SDS, Merck, 99%), n-
heptane (h-heptane, Merck, 99%), n-heptane-d16 (d-heptane, Deutero, 99%), 1-octanol-d17 
(d-octanol, Eurisotop, 98%) and D2O (Deutero, 99.90%) were used as received. All 
measurements were performed in a sodium tetraborate/ hydrochloric acid buffer at pH 9 
(h-buffer, Sigma-Aldrich). The deuterated buffer (d-buffer) was produced by lyophilizing 
a certain volume of the h-buffer and refilling it with the same amount of D2O. Doubly 
distilled Milli-Q water was used for synthesis and characterization of the microgel and 
0.1M HCl and 0.1m NaOH were used to adjust the pH if necessary.  
Microgel Synthesis. Microgels were prepared by standard precipitation polymerization 
with surfactant. Water used for synthesis was degassed by purging with N2 for 1 h 
previous to use. NiPAm, MAA and BIS in a mass ratio of 90:5:5 and a total monomer 
concentration of 180 mM were dissolved in degassed water in a three-neck flask with 
condenser, mechanical stirrer and nitrogen inlet. SDS was added in a concentration of 
6.4 mM and 1 wt% MRB was added for fluorescent labeling. The mixture was heated to 
85°C under stirring at 350 rpm. The reaction was started with KPS (1.8 mM) and was left 
to proceed for 5 h in a nitrogen atmosphere. After cooling down to room temperature, the 
mixture was filtered over glass wool to remove any particular matter. Microgels were 
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cleaned by fourfold centrifugation at 50000 rpm for 2 h and replacement of the 
supernatant with fresh water. Then, microgels were lyophilized.  
Microgel Characterization. The hydrodynamic radius Rh was measured with dynamic 
light scattering (DLS) on an ALV-5000 instrument with light of 633 nm wavelength. The 
diffusion coefficient was determined from angular dependent measurements in buffer at 
pH 9 and Rh was then calculated using the Stokes-Einstein equation. The hydrodynamic 
radius at 20°C is Rh = 67 ± 1 nm at pH 3 and Rh = 82 ± 1 nm at pH 9 in h-buffer and 
74 ± 1 nm at pH 3 and 86 ± 1 nm at pH 9 in d-buffer. The content of MAA was 
determined by pH titration and yielded 5.7 ± 0.1 wt%. The electrophoretic mobility was 
measured with a Nano ZS Zetasizer (Malvern Instruments, UK) at 20°C and gave -
0.06 ± 0.02·10-8 m2/(V s) at pH 3 and -1.05 ± 0.03·10-8 m2/(V s) at pH 9. 
Emulsion Preparation. Emulsions for SANS measurements were prepared directly in 
Hellma quarz cuvettes with a thickness of 2 mm. 350 µL of microgel-containing aqueous 
phase were emulsified with 150 µL oil phase by 30 sec of vigorous shaking by hand. The 
initial microgel concentration in the aqueous phase was 0.2 wt%. Due to density 
differences, emulsions creamed rapidly and formed a dense droplet phase on top of a 
clear aqueous phase. The density of the droplet phase was increased by careful 
centrifugation of the cuvettes.  
SANS Measurements and Fitting Procedures. Scattering was measured in the lower, 
clear aqueous phase that still contains free microgels in bulk and in the creamed droplet 
phase containing free and adsorbed microgels. SANS measurements were performed at 
the beamline KWS-2 at the Jülich Centre for Neutron Science (JCNS) in Garching with 
Dr. Aurel Radulescu as local contact. Three detector distances (1.79 m, 7.74 m and 19.74 
m) and a neutron wavelength of λ = 4.967 Å were used to cover a broad q-range from 
0.0023 Å
-1
 to 0.25 Å
-1
. No external temperature control was applied and measurements 
were done at room temperature (23 ± 2 °C). The initial scattering intensity was converted 
to the absolute scale by correcting for scattering of the empty beam, Plexiglas and B4C 
according to standard procedures at the JCNS. The scattering curves of 2 and 20 m were 
shifted to overlap with the 8 m scattering curve and background scattering of solvents of 
the respective mixture was subtracted before fitting.  
Fitting was performed using NCNR analysis macros provided by the NIST Center for 
Neutron Research in Gaithersburg, Maryland for the program Igor Pro (WaveMetrics, 
Inc.).
[24]
 The model for the power law follows equation 15. The fuzzy sphere fit contains 
the main parameters R and σsurf and follows equation 12.
[23]
 All parameters were variable 
during fitting. 
Calculation of the Theoretical ZAC Point. Scattering length densities were calculated 
using the Neutron Activation Calculator provided by the NCNR at NIST and are shown in 
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Table 5.
[25]
 A neutron wavelength of 4.967 Å was used for calculations. The ZAC point 
was calculated using the fact that the SLD ρ of a solvent is a combination of the SLDs of 
the components with respect to their volume fraction φ. As the desired SLD of the solvent 
mixture ρsolv and the SLDs of the individual solvents A and B are known, it is possible to 
calculate the fraction of solvent component B.  
                               ( 16 ) 
    
        
     
 ( 17 ) 
The calculated SLD of PNiPAm-co-MAA (5.7 wt%) is 0.866·10
-6
 Å
-2
 and the resulting 
ZAC point with the aqueous phase is at 20.57% D2O and 79.43% H2O, the ZAC point 
with the oil phase is at 20.62% d-heptane and 79.38% h-heptane.
g
 
9.8 Supporting Information 
Table 5. Densities and SLDs of the used substances. SLDs were calculated with the Neutron 
Activation Calculator provided by NIST with a neutron wavelength of 4.967 Å.
[25]
 
a
determined from 
density measurements 
 
density [g cm
-3
] SLD [10
-6
 Å
-2
] 
H2O 1 -0.561 
D2O 1.107 6.38 
C7H16 0.684 -0.547 
C7D16 0.794 6.30 
C8H17OH 0.824 -0.318 
C8D17OH 0.936 6.46 
PNiPAm-co-MAA (5.7wt%) 1.145
a 
0.866 
  
                                                 
g
 Percentages refer to the volume of the respective phase before mixing. For instance, 20% d-buffer in h-
buffer means that 2 mL d-buffer were mixed with 8 mL of h-buffer. 
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Table 6. Fit parameters of the fuzzy sphere fit for microgels in buffer and the clear and the droplet 
phase of the full contrast experiments with heptane. 
 
microgel in buffer full contrast clear phase 
full contrast droplet 
phase 
 
value error value error value error 
volume fraction 
[scale] 
9,47·10-5 0,33 9,12·10-5 0,38 4,30·10-5 0,28 
mean radius R [Å] 496 2 497 2 475 5 
polydisp [sig/avg] 0,14 0,004 0,13 0,005 0,18 0,007 
interface thickness 
[Å] 
118 3 123 3 106 5 
SLD sphere [Å
-2
] 1,05·10-6 0,002 1,16·10-6 0,003 1,19·10-6 0,003 
SLD solvent [Å
-2
] 6,22·10-6 0,009 6,13·10-6 0,010 5,96·10-6 0,014 
Lorentz scale 0,20 0,021 0,19 0,024 0,14 0,0103 
Lorentz length [Å] 63 5 67 6 45 3 
bkg [cm
-1
 sr
1
] 0,0078 4,42·10-4 0,0085 5,14·10-4 9,68·10-4 3,98·10-4 
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Figure 58. Form factor curves of the clear (a) and the droplet (b) phase of 10/90 (black), 20/80 
(red) and 30/70 (green) mixtures of d-buffer:h-buffer. Solvent correction was performed using the 
respective buffer mixture (clear phase) and d-heptane (droplet phase). 
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Table 7. Fit parameters and errors of the power law fit of the respective droplet phases of the 
contrast variation of the aqueous phase (aq. var.) and the oil phase (oil var.). 
 
coefficient 
A 
error 
(-) 
power 
error bgd [cm
-1
] error 
10/90 aq. var. 2,25·10
-9
 7,71·10
-11
 4,720 0,0067 0,206 0,0016 
20/80 aq. var. 3,09·10
-9
 8,28·10
-11
 4,679 0,0070 0,187 0,0015 
30/70 aq. var. 2,23·10
-9
 8,57·10
-11
 4,626 0,0074 0,171 0,0015 
10/90 oil var. 1,92·10
-9
 7,01·10
-11
 4,780 0,0071 -0,202 0,0040 
20/80 oil var. 1,15·10
-9
 4,71·10
-11
 4,796 0,0078 -0,186 0,0039 
30/70 oil var. 1,31·10
-9
 5,49·10
-11
 4,729 0,0081 -0,156 0,0032 
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Figure 59. Scattering of the clear (a) and droplet (b) phase of the 10/90 (black), 20/80 (red) and 
30/70 (green) mixtures of the oil variation experiments. Solvent correction was performed by 
subtracting the scattering of d-buffer (clear phase) and the scattering of the respective heptane 
mixtures (droplet phase).  
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Table 8. Fit parameters of the fuzzy sphere fits of the clear phase of the oil variation experiments. 
 
10/90 20/80 30/70 
 
value error value error value error 
volume fraction 
[scale] 
9,39·10-5 0,396 9,24·10-5 0,518 9,61·10-5 0,581 
mean radius R [Å] 495 2 495 2 492 2,564 
polydisp [sig/avg] 0,14 0,005 0,14 0,004 0,16 0,006 
interface thickness 
[Å] 
123 3 123 3 111 5 
SLD sphere [Å
-2
] 1,01·10-6 0,002 1,07·10-6 0,002 1,01·10-6 0,003 
SLD solvent [Å
-2
] 6,21·10-6 0,010 6,16·10-6 0,013 6,25·10-6 0,014 
Lorentz scale 0,24 0,033 0,22 0,024 0,48 0,129 
Lorentz length [Å] 76 7 69 6 108 17 
bkg [cm
-1
 sr
-1
] 0,0083 0,0005 0,0072 0,0005 0,0092 0,0005 
9.9 References 
[1] K. Geisel, L. Isa, W. Richtering, Langmuir 2012, 28, 15770-15776. 
[2] K. Geisel, K. Henzler, P. Guttmann, W. Richtering, Langmuir 2015, 31, 83-89. 
[3] F. Pinaud, K. Geisel, P. Massé, B. Catargi, L. Isa, W. Richtering, V. Ravaine, V. 
Schmitt, Soft Matter 2014, 10, 6963-6974. 
[4] M. Destribats, V. Lapeyre, M. Wolfs, E. Sellier, F. Leal-Calderon, V. Ravaine, V. 
Schmitt, Soft Matter 2011, 7, 7689-7698. 
[5] S. Schmidt, T. Liu, S. Rütten, K.-H. Phan, M. Möller, W. Richtering, Langmuir 
2011, 27, 9801-9806. 
[6] M. Destribats, V. Lapeyre, E. Sellier, F. Leal-Calderon, V. Ravaine, V. Schmitt, 
Langmuir 2012, 28, 2744-2755. 
[7] M. Destribats, M. Wolfs, F. Pinaud, V. Lapeyre, E. Sellier, V. Schmitt, V. Ravaine, 
Langmuir 2013, 29, 12367-12374. 
[8] A. Y. C. Koh, B. R. Saunders, Langmuir 2005, 21, 6734-6741. 
[9] E. Staples, J. Penfold, I. Tucker, J. Phy. Chem. B 2000, 104, 606-614. 
[10] A. Langenfeld, F. Lequeux, M.-J. Stébé, V. Schmitt, Langmuir 1998, 14, 6030-
6036. 
[11] C. P. Whitby, A. M. Djerdjev, J. K. Beattie, G. G. Warr, Langmuir 2007, 23, 1694-
1700. 
SMALL-ANGLE NEUTRON SCATTERING 
120 
[12] S. Egelhaaf, U. Olsson, P. Schurtenberger, J. Morris, H. Wennerström, Phys. Rev. E 
1999, 60, 5681-5684. 
[13] C. Washington, S. M. King, Langmuir 1997, 13, 4545-4550. 
[14] I. M. Tucker, J. T. Petkov, C. Jones, J. Penfold, R. K. Thomas, S. E. Rogers, A. E. 
Terry, R. K. Keenan, I. Grillo, Langmuir 2012, 28, 14974-14982. 
[15] N. Schelero, H. Lichtenfeld, H. Zastrow, H. Möhwald, M. Dubois, T. Zemb, 
Colloids Surf., A 2009, 337, 146-153. 
[16] K. Larson-Smith, A. Jackson, D. C. Pozzo, Langmuir 2012, 28, 2493-2501. 
[17] K. Larson-Smith, A. Jackson, D. C. Pozzo, J. Colloid Interface Sci. 2010, 343, 36-
41. 
[18] P. W. Schmidt, D. Avnir, D. Levy, A. Höhr, M. Steiner, A. Röll, J. Chem. Phys. 
1991, 94, 1474-1479. 
[19] G. Alvarez, J. Jestin, J. F. Argillier, D. Langevin, Langmuir 2009, 25, 3985-3990. 
[20] V. J. Verruto, P. K. Kilpatrick, Langmuir 2008, 24, 12807-12822. 
[21] J. Jestin, S. Simon, L. Zupancic, L. Barré, Langmuir 2007, 23, 10471-10478. 
[22] P. A. Reynolds, E. P. Gilbert, J. W. White, J. Phy. Chem. B 2000, 104, 7012-7022. 
[23] M. Stieger, W. Richtering, J. S. Pedersen, P. Lindner, J. Chem. Phys. 2004, 120, 
6197-6206. 
[24] S. R. Kline, J. Appl. Cryst. 2006, 39, 895-900. 
[25] P. Kienzle, D. Brown, http://www.ncnr.nist.gov/resources/activation/. 
[26] O. Spalla, in Neutrons, X-Rays and Light: Scattering Methods Applied to Soft 
Condensed Matter (Eds.: P. Lindner, T. Zemb), Elsevier Science B.V., Amsterdam, 
2002. 
[27] B. Brugger, W. Richtering, Langmuir 2008, 24, 7769-7777. 
[28] B. Brugger, B. A. Rosen, W. Richtering, Langmuir 2008, 24, 12202-12208. 
[29] M. Destribats, V. Lapeyre, E. Sellier, F. Leal-Calderon, V. Schmitt, V. Ravaine, 
Langmuir 2011, 27, 14096-14107. 
 
INTERFACIAL RHEOLOGY 
121 
10. Interfacial Shear Rheology at Microgel-Covered Interfaces  
10.1 Abstract 
Interfacial shear rheology using the double-wall-ring (DWR) setup was measured on 
microgel layers at the heptane-water interface by performing strain sweep and frequency 
sweep measurements. P(NiPAm-co-MAA) microgels of different morphology, crosslink 
density and charge distribution were used in the charged and the uncharged state. 
Furthermore, the microgel layer was produced either by adsorption from the subphase or 
by direct deposition at the interface. All microgel layers are highly elastic. However, the 
structure breaks down at lower strains and frequencies if the microgels are uncharged. In 
some cases, the interface is more elastic if the microgels are charged (CS1:1 and BIS15) 
and in other cases it is more elastic if the microgels are uncharged (CC). Moreover, the 
difference between the adsorption methods is very small, indicating that the microgel 
layers are similar. Additionally, the coverage of the interface with microgels in the DWR 
measurements was compared to compression isotherms recorded in Langmuir trough 
experiments. 
10.2 Introduction 
It is crucial to gain information about the interface and its properties when it comes to 
microgel-stabilized emulsions and the mechanisms behind their responsiveness to 
external stimuli. Statements about the solid-like or liquid-like behavior of the interface 
and the influence of pH or temperature can be made using interfacial rheology. In contrast 
to bulk rheology, special setups are used to measure the rheology of the interface and to 
avoid influences of bulk properties like viscosity or flow. Interfacial rheology can be 
measured either dilatational or under shear. Dilatational measurements are often 
performed using the oscillating drop setup. The interfacial properties of PNiPAm 
microgels of different morphology have been investigated using this system, providing 
values of the dilatational elastic (E’) and loss modulus (E’’).[1-2] Measurements of 
interfacial shear rheology, however, can be performed with the bicone geometry on a 
standard rheometer
[3-5]
 or with the magnetic needle setup with a magnetic rod floating at 
the interface and being set in motion by a magnetic field.
[6-12]
 Recently, the double wall 
ring (DWR) setup is used as a new geometry for interfacial rheometry.
[13]
 A particle 
covered interface is created in a Teflon cup and a Pt-ring with diamond shape is placed at 
the interface (Figure 60). The edges of the ring pin the contact line and create a flat 
surface, similar to what is done with the bicone geometry. The DWR was developed only 
a few years ago but since then several groups have used the system to investigate liquid 
interfaces under shear.
[1, 14-16]
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Figure 60. Cross section of the DWR setup
[13]
 and geometry of the ring.
[17]
 The openings in the 
ring ensure a uniform interface inside and outside of the ring. Reprinted from reference 13 with 
permission from Springer Science and Business Media and from reference 17 with permission of 
The Royal Society of Chemistry. 
A sinusoidal deformation (shear strain γ) applied to a viscoelastic sample induces a 
response stress σ on the sample. The response also oscillates sinusoidally with a phase 
shift δ compared to the strain. 
              ( 18 ) 
                ( 19 ) 
The stress wave can be decomposed in two waves of the same frequency, one in phase 
with the strain (sin(ωt)) and one shifted by 90° (cos(ωt)). 
     
           
          ( 20 ) 
The elastic (or storage) modulus    
  
 
  
 and the viscous (or loss) modulus     
  
  
  
 can 
be derived from this equation. The storage modulus G’ describes the storage of elastic 
energy and the loss modulus G’’ the dissipation of energy due to viscosity. When the 
strain rate is defined as 
 
   
  
  
    ( 21 ) 
a dynamic viscosity    
  
  
   
 and a dynamic elasticity     
  
 
   
 can be defined. Then, the 
storage and loss modulus can be calculated from  
         ( 22 ) 
         ( 23 ) 
The ratio of G’’ and G’  
   
  
       gives information about the liquid-like (      ) 
or solid-like (      ) behavior of the material. Thus, the interface shows viscous 
behavior if        and the structure does not regain its initial form after shearing. In 
contrast to that, elastic behavior dominates if       , meaning that the structure is able 
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to relax completely after shearing and to go back to its initial structure. For an extensive 
description of bulk and interfacial rheology, refer to standard literature.
[9, 18-19]
  
In the presented experiments, different PNiPAm-co-MAA microgels  were investigated in 
oscillatory shear experiments using the double wall ring setup. The CC microgel is a 
PNiPAm-co-MAA microgel with statistical distribution of the MAA moieties, while the 
CS1:1 contains a pure PNiPAm shell around the CC core. Additionally, a microgel with 
high crosslink density of 15% BIS content and statistical MAA distribution was used 
(BIS15). A microgel covered heptane-water interface was created and strain sweep 
experiments at constant frequency and frequency sweep experiments at constant strain 
were conducted. G’ and G’’ were calculated from these results. 
10.3 Results 
CC Microgel 
Different types of experiments were performed with the CC microgel. First, strain and 
frequency sweeps were conducted at pH 3 when the microgel is uncharged (Figure 61). 
The strain sweep of the green data points was measured at 0.5 rad/s and shows that G’ is 
larger than G’’, indicating that the interface is elastic. The structure of the interface is 
undisturbed until a strain of 0.2% is applied (linear viscoelastic region, LVR). G’ starts to 
decrease at this point and meets G’’ at a strain of 0.5% where the elastic behavior does 
not dominate the structure any more. At strains around 1%, a second linear region 
indicates the formation of a new structure. The black data points were measured at a 
frequency of 0.1 rad/s. The LVR is extended to higher strains and the crossover point of 
G’ and G’’ is thus also shifted to higher strains. The values of G’ and G’’ at low strains 
are lower at 0.1 rad/s (black data points) than at 0.5 rad/s (green data points), at high 
strains it is the other way around. This difference indicates that the behavior of a microgel 
layer at pH 3 depends on the amount of shear applied to the interface.  
Frequency sweeps were measured at a strain of 1%. The strain sweeps show that the LVR 
at 1% strain is only present at 0.1 rad/s. Thus, data points above a frequency of 0.1 rad/s 
may not be representative because they are not measured in the LVR. The LVR ends at 
0.2% strain when a frequency of 0.5 rad/s is applied (green data points). The decrease of 
G’ in the frequency sweep below 0.1 rad/s can be explained by the end of the LVR in this 
frequency range. It is likely that the structure breaks down and that G’ decreases. The 
black data points however show elastic behavior over the whole frequency range. The 
comparison of the black and the green data points in Figure 61b shows the low 
reproducibility of the data. The frequency sweep should be independent of the starting 
point when the measurements are performed at the same strain, as it is the case here. 
However, especially G’ shows pronounced differences between measurements starting at 
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0.01 rad/s and 0.1 rad/s. Additionally, data collected at a strain higher than 3% or a 
frequency of 3 rad/s may be inaccurate due to inertia effects that influence the 
measurement at high stain and frequency.  
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Figure 61. a) Strain sweep at a frequency of 0.5 rad/s (green) and 0.1 rad/s (black), b) frequency 
sweeps at a strain of 1% (green and black data points) of the CC microgels at pH 3. Microgels 
assembled at the interface from the bulk subphase (0.5 wt%). G’: closed squares. G’’: open 
squares.  
The strain sweep of the interface covered with charged CC microgels at pH 9 shows a 
better reproducibility than at pH 3 as the difference between the green and the red data 
points in Figure 62 is not very pronounced. The elastic modulus is significantly larger 
than the loss modulus and the linear viscoelastic region ends at strains around 5% where 
the structure breaks down. 
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Figure 62. a) Strain sweeps at a frequency of 0.5 rad/s, b) frequency sweeps at a strain of 1% of 
the CC microgels at pH 9. Microgels assembled at the interface from the bulk subphase (0.5 
wt%). The measurement of the red squares was repeated to show that the structure recovers (red 
triangles). G’: closed squares. G’’: open squares. 
Additionally, the red squares and triangles were measured on the same sample directly 
after one another (30 min equilibration time between measurements), showing that the 
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structure recovers almost completely. The frequency sweep was performed in the linear 
region of the sample at a strain of 1% and shows elastic behavior over the whole 
frequency range, indicating that the microgels form a network that is stable against 
increasing frequency.  
In an additional set of experiments a monolayer of microgels was created at the interface 
by placing 60 µL of the 0.5 wt% microgel dispersion directly at the interface (Figure 63). 
No spreading agent was added, and previous experiments showed that a drop of microgels 
that is placed at the liquid interface without spreading agent tends to drown into the 
subphase.
[20]
 It can therefore be anticipated that the microgels did not spread directly at 
the interface but that they also adsorbed to the interface from the subphase (further 
comments on the coverage of the interface with microgels can be found below in the 
discussion section).  
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Figure 63. a) Strain sweep at a frequency of 0.5 rad/s, b) frequency sweep at a strain of 1% of 
the CC microgels at pH 3 (black) and pH 9 (red). 60 µL of a 0.5 wt% microgel dispersion were 
directly placed at the interface of heptane and pure water of the respective pH. Additionally, the 
heptane-water interface without microgels was measured (blue). G’: closed squares. G’’: open 
squares.  
The strain sweep shows that the interface has a higher elastic modulus at pH 3 than at 
pH 9. The interface shows elastic behavior over the whole frequency range at pH 3 and at 
pH 9, even though the difference between G’ and G’’ is very small in the case of the 
uncharged microgels. Furthermore, the linear region is very small, meaning that the 
structure breaks down almost immediately when strain is applied. Hence, the frequency 
sweep was done outside of the linear region at 1% strain. 
Measurements of the pure heptane-water interface were also conducted for comparison. It 
is noticeable that the pure interface is viscous as G’’ is larger than G’. Nevertheless, the 
difference between the clean and the microgel-covered interface is not very pronounced at 
pH 3. This shows that the heptane-water interface is not clean, as it was not cleaned with 
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a suction pump prior to the measurements. However, other experiments showed that the 
impurities of the bare interface are often concealed once the microgels are adsorbed to the 
interface.
h
 The fact that G’ and G’’ of the pure interface are higher than G’ and G’’ of the 
microgel-covered interface at pH 9 indicates that the results obtained in this set of 
experiments with the double wall ring setup should be considered as potentially 
inaccurate.  
BIS15 and CS1:1 Microgel 
The strain sweep of the BIS15 microgel (Figure 64) shows similar elastic behavior as the 
CC microgel. The strain sweep also shows a second linear region around a strain of 1% 
but the linear region at low strains is not very pronounced. At pH 9, the linear region 
extends almost over the whole measurement window. The frequency sweep shows strong 
network behavior at pH 9 but at pH 3, the frequency sweep was again conducted out of 
the linear region (1% strain).  
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Figure 64. a) Strain sweep at a frequency of 0.5 rad/s, b) frequency sweep at a strain of 1% of 
the microgels with 15wt% crosslinker (BIS15) at pH 3 (black) and at pH 9 (red). Microgels 
assembled at the interface from the bulk subphase (0.5 wt%). G’: closed squares. G’’: open 
squares. 
The CS1:1 microgel shows elastic behavior at both pH values, even though the difference 
between G’ and G’’ is not very pronounced (Figure 65). The charged and the uncharged 
microgel have similar values of G’ and G’’ but G’ starts to decrease earlier in the case of 
the charged microgel (red data points). The frequency sweep shows elastic network 
behavior independent from the frequency and the measurement was performed in the 
                                                 
h
 Langmuir trough experiments showed that the surface pressure of the bare oil-water interface tends to 
increase at very high compression due to residues at the interface that could not be removed. However, 
after microgels were added to the interface, the compression isotherm followed the characteristic trend of 
microgels under compression irrespective of the residues present at the interface previously.  
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linear viscoelastic region at a strain of 1%. The strong increase of G’ at high frequencies 
may partially be due to inertia effects. 
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Figure 65. a) Strain sweep at a frequency of 0.5 rad/s, b) frequency sweep at a strain of 1% of 
the core-shell microgel CS1:1 at pH 3 (black) and at pH 9 (red). Microgels assembled at the 
interface from the bulk subphase (0.5 wt%). G’: closed squares. G’’: open squares. 
10.4 Discussion 
First, the influence of the measurement conditions is discussed using the example of the 
CC microgel.  
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Figure 66. a) Strain sweep at a frequency of 0.5 rad/s, b) frequency sweep at a strain of 1% of 
the CC microgels at pH 3 (black) and at pH 9 (red). Microgels assembled at the interface from the 
bulk subphase (0.5 wt%). G’: closed squares. G’’: open squares. Data points are the same as the 
green curves in Figure 61 and Figure 62. 
The linear viscoelastic region is more pronounced when the strain sweep starts at low 
strains of 0.01% and a frequency of 0.5 rad/s than when it starts at 0.1% and 0.1 rad/s 
(Figure 66). In the latter case the linear viscoelastic region is almost nonexistent. This 
may indicate that the interface at pH 3 shows time-dependent behavior and is sensitive to 
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pre-shearing of the sample. These observations do not hold for the measurement at pH 9 
because of the larger linear viscoelastic region. In general, it can be stated that the linear 
viscoelastic region is more pronounced at pH 9, when the microgels are charged, than at 
pH 3 (Figure 66). This is also valid for the BIS15 and the CC1:1 microgels when the strain 
sweep was performed from 0.01% to 15% strain at 0.5 rad/s (Figure 64 and Figure 65). 
The frequency sweep shows a small difference between G’ and G’’ in the case of the 
uncharged microgels (pH 3), which may be due to the fact that measurements were not 
performed in the viscoelastic region. A strain of 0.1% should have been chosen for the 
frequency sweep instead of 1%.  
A comparison of the CC and the CS1:1 microgels reveals that the difference between 
monolayers of the charged and the uncharged microgel is more pronounced in the case of 
the CC microgel, indicating that the uncharged shell of the CS1:1 microgel shields the 
charges of the core. The CS1:1 microgel does not show a clear linear viscoelastic regime at 
both pH values. G’ and G’’ are of the same order of magnitude at pH 3 and at pH 9. 
Additionally, the interface at pH 9 is more elastic than at pH 3 in the case of the CC1:1 
microgel and the BIS15 microgel (G’’pH 9 > G’’pH 3), whereas the interface is more elastic 
at pH 3 in the case of the CC microgel. 
Previous strain sweep measurements of interfaces covered with PNiPAm-co-MAA 
microgels showed that the interface is highly elastic at pH 9 with a large linear 
viscoelastic region where G’ and G’’ are independent of the strain. In contrast to that, the 
interface at pH 3 is viscous already at medium low strains.
[1]
 This general trend is also 
observed in the present measurements. The linear viscoelastic region is more pronounced 
at pH 9 and the crossover point where G’ and G’’ meet and thus the interface becomes 
more viscous appears only at high strains. In contrast, the decrease of G’ starts already at 
low strains at pH 3.  
The measurements at low microgel concentration (Figure 63) revealed again that the 
moduli of the interface at pH 3 are higher than at pH 9. Similar to the measurements at 
high interface loading, G’ and G’’ have a crossing point around a strain of 1% at pH 3. At 
pH 9, G’ and G’’ do not cross in the investigated strain regime. The value of G’ and G’’ 
of the monolayer formed at low microgel concentration is not significantly lower than the 
respective values after adsorption from the subphase in Figure 66, indicating that the 
microgel layer at the interface is similar, irrespective of the adsorption method. The 
difference, however, between the experiments presented in Figure 63 and Figure 66 lies 
in the overall concentration of the microgels in the aqueous phase which is significantly 
lower in the first case. The probability of microgels diffusing to the interface is thus lower 
and the resulting microgel layer at the interface may be different from the one formed 
when the subphase contains microgels at high concentration. Nevertheless, the interfacial 
shear rheology does not reveal major differences resulting from different microgel 
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concentrations in the subphase. As it is shown in the next paragraph, the low 
concentration of microgels (60 µL of a 0.5 wt% dispersion) is sufficient to cover the 
interface completely with microgels. Thus, the difference in the microgel layers at high 
(0.5 wt% microgel dispersion as subphase) and low concentration may not be significant. 
The concentration of microgels at the interface in the DWR experiments is in the 
following compared to compression isotherms measured at the Langmuir trough. The area 
of the oil-water interface in the DWR setup can be calculated from the radii R1 = 31.0 mm 
and R3 = 39.5 mm (Figure 60) and equals 1882 mm
2
 (18.82 cm
2
). This is only half of the 
area available in the Langmuir trough in the compressed state (31.7 cm
2
) and much 
smaller than the area available with open barriers (397.7 cm
2
). Assuming that all 
microgels are located at the interface and following equation (26) in chapter 11, 4.0·10
11
 
microgels are placed at the interface of the DWR setup when 60 µL of a 0.5 wt% 
microgel dispersion are used (the density of the CC microgel is 1.1632 g/cm
3
 at pH 3 and 
1.1876 g/cm
3
 at pH 9, the hydrodynamic diameter at 50°C is dh,50 = 138 nm (Table 9)). 
The area fraction covered by microgels can then be calculated following equation (25) if 
the size of the microgels at the interface is known. FreSCa cryo-SEM images provide a 
core diameter for the CC microgel of 358 nm and 352 nm at pH 3 and pH 9, respectively 
(chapter 5), resulting in an area fraction of 22 (pH 3) and 21 (pH 9). An area fraction that 
high has two possible reasons. First, the microgels are compressed stronger than after 
compression in the Langmuir trough, because the compression isotherms result in area 
fractions of 10 at high compression (Figure 72). Even though it is known that microgels 
adsorb to liquid interfaces in the compressed state (compare chapter 11.7 and ref
[2]
), it is 
unlikely that the compression after self-adsorption is twice as strong as the one achieved 
in a Langmuir trough. The second, and probably more likely, possibility is that microgels 
leave the interface due to limited space available, resulting in an overestimation of the 
number of microgels at the interface. As already mentioned before, no spreading agent 
was used to form the microgel monolayer in the DWR setup and consequently it is 
assumed that not all microgels are located at the interface. Diffusion to the interface 
during the equilibration time may thus be important. It is therefore difficult to estimate 
the total amount of microgels at the interface in the presented DWR experiments exactly.  
10.5 Conclusion 
There are some issues that have to be considered for future DWR experiments before 
results from interfacial shear rheology can be correlated unambiguously with properties 
of microgel-stabilized emulsions and the origin of the responsiveness of these emulsions.  
 It has to be guaranteed that the frequency sweep is conducted in the linear 
viscoelastic regime of the strain sweep and vice versa. If this is not the case, the 
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resulting data does not give valuable information about the interface because the 
structure was already destroyed when the measurement is conducted.   
 Unintended preshearing has to be avoided and special care has to be taken when 
the ring is lowered to the interface and when the oil is filled in the cup.  
 The formation of a monolayer at the interface can be facilitated when a 
spreading agent like isopropanol is added to the microgel dispersion before 
placing it at the interface.  
Nevertheless, interfacial shear rheology with the double wall ring setup is a useful tool to 
investigate microgel layers at liquid interfaces concerning their viscoelastic properties. 
Strain sweeps and frequency sweeps provide information about the extent of the 
viscoelastic region under shear of different strain and frequency. The CC microgel has 
higher values of the elastic modulus G’ at pH 3 than at pH 9, whereas for the CC1:1 and 
the BIS15 microgel G’ is higher at pH 9. The linear viscoelastic region is more 
pronounced at pH 9 in all cases. The long linear viscoelastic region at pH 9 can be crucial 
for the high emulsion stability at this pH. It has been shown in previous studies
[1]
 and in 
the scope of this thesis (chapter 5.4 and chapter 11.7) that the interfacial tension is lower 
when a droplet is surrounded by a layer of uncharged microgels than if charged microgels 
are used. This shows that the decrease in interfacial tension is not the decisive property 
when it comes to emulsions stabilized by microgels. Instead, the differences in the linear 
viscoelastic region, the difference between G’ and G’’ and the dimension of G’ and G’’ 
are relevant for emulsion stability.  
10.6 Materials and Methods 
Materials. N-isopropylacrylamide (NiPAm, Acros Organics, 99%), methacrylic acid 
(MAA, ABCR, 99%, stabilized with 100-250 ppm hydroquinone or 4-methoxyphenol), 
N,N’-methylenebisacrylamide (BIS, AppliChem, molecular biology grade), potassium 
persulfate (KPS, Merck, 99%), the fluorescent label methacryloxyethylthiocarbamoyl-
rhodamine B (MRB, PolySciences) and sodium dodecylsulfate (SDS, Merck, 99%) were 
used as received. n-heptane (fisher scientific, 99.82%) was filtered once over acidic Al2O3 
to remove polar contaminants. Doubly distilled Millipore water was used for synthesis 
and the preparation of the microgel dispersions. 0.1M HCl and 0.1M NaOH were used to 
adjust the pH if necessary.  
Microgel Synthesis and Characterization. Synthesis and characterization of some of 
the microgels used in this study were already described elsewhere
[21]
 (chapter5) and in the 
appendix (chapter 14). The synthesis of the microgel with higher crosslink density BIS15 
(15 wt% BIS in the synthesis) was done following similar synthesis conditions but using 
a semi-batch method. Directly after the polymerization in a first solution of NiPAm, 
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MAA, BIS, MRB and SDS was started by KPS (80°C, 300 rpm), a second solution of 
NiPAm, MAA and BIS in 20 mL of water was added continuously using a syringe pump 
with a speed of 0.8 mL/min. Then the reaction was left to proceed for 5 h. Details of the 
synthesis conditions are given in the appendix (chapter 14). BIS15 has an MAA content of 
5.0 ± 0.1 wt% and a size of 113 ±3 nm at pH 3 and 168 ± 2 nm at pH 9 at 20°C. The 
electrophoretic mobility is -0.35 ± 0.01·10
-8
 m
2
/Vs at pH 3 and 20°C and 
-1.45 ± 0.05·10
-8
 m
2
/Vs at pH 9 and 20°C. 
DWR Measurements. DWR measurements were conducted in the group of Prof. Jan 
Vermant in the Laboratory of Applied Rheology and Polymer Processing, KU Leuven, 
Leuven, Belgium. Measurements were performed on a stress-controlled rheometer (AR-
G2, TA Instruments) in oscillatory mode. A teflon cup with special geometry was 
mounted on a Peltier element to allow external temperature control of the subphase and 
the specifically designed Pt-ring was connected to the rheometer. The calibration and 
preparation of the instrument were performed following standard procedures of the 
rheology lab at KU Leuven. The cup was filled to the lower rim (H in Figure 60) with 
18.8 mL of the aqueous lower phase. Then, the ring was lowered to touch the surface so 
that the liquid was on a level with the edges of the diamond shaped ring. The special 
shape of the ring pins the contact line to the edges of the ring. 15 mL of n-heptane were 
then placed carefully on top of the aqueous phase. The measurement was started after an 
equilibration time of 30 min. Strain and frequency sweep measurements were performed 
consecutively on the same sample with 30 min equilibration time between the 
measurements. Strain sweep experiments were conducted with a frequency of 0.5 rad/s 
and a strain between 0.01% and 15% or with a frequency of 0.1 rad/s and a strain of 
0.1%-10%. Frequency sweep experiments had a strain of 1%, an angular amplitude 
(displacement) of 0.00114 rad and a frequency between 0.01 rad/s and 15 rad/s. 
DWR Data Processing. The raw data was processed using a Matlab code 
(“DWRDataProcessing”) provided by Tom Verwijlen and Jan Vermant (KU Leuven).[22] 
The code performs an iterative process using several parameters (density and viscosity of 
upper and lower phase, frequency, angular amplitude, angular velocity, oscillatory stress 
and the phase angle of the measurement) to correct the surface elasticity η’’ and the 
surface viscosity η’ for inertia and torque influences arising from geometrical 
considerations and properties of the lower and upper phase.
[13]
 The elastic modulus G’ 
was then calculated from the corrected elasticity η’’ and the frequency ω following 
equation (22) and the loss modulus G’’ was calculated from the corrected viscosity η’ and 
the frequency ω following equation (23). 
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11. Experiments on the Langmuir Trough 
Some information concerning the use of the liquid-liquid Langmuir trough is presented in 
this chapter. The measurements were performed to get to know the setup and the 
requirements that have to be fulfilled to record correct and reproducible isotherms. Some 
measurements are preliminary results that have to be elaborated and possibly modified to 
get accurate information, for instance the measurements concerning the desorption of 
microgels from the interface. Nevertheless, the results are presented to facilitate the 
design and preparation of future experiments.  
11.1 Purity of the Oil Phase 
The decane that was used for recording compression isotherms had a purity of 94% and 
was filtered three times over a column of basic aluminum oxide (Al2O3) to remove any 
polar contaminants. The influence of the purity and the purification method of the decane 
were investigated using the pendant drop method (Figure 67). The interfacial tension 
between decane and air is 23.7 mN/m.
[1]
 The value could be reproduced with acceptable 
accuracy for decane of different degrees of purity. Decane with a purity of 94% was 
filtered once, twice or thrice over a column of basic Al2O3 and was compared to decane 
of 99% purity. The difference in surface tension is only marginal (Figure 67a).  
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Figure 67. Time-dependent interfacial tension of decane of different purities against air (a) and 
Millipore water (b). a) decane 94% purity, not filtered (black); decane 94% purity, filtered once 
over basic Al2O3 (red); decane 94% purity, filtered twice (green); decane 94% purity, filtered thrice 
(dark green); decane 99% purity, not filtered (cyan); b) decane 94% purity, filtered thrice (black, 
red and green); decane 99% purity, not filtered (cyan and pink). The filtered decane (94%) does 
not differ from the decane with higher purity (99%). 
The interfacial tension of decane of different purities and Millipore water also indicates 
that the interfacial tension does not depend on the purity of the decane (Figure 67b). 
However, measurements of T. Juraschek showed the higher purity of the decane that was 
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filtered thrice in a column over basic Al2O3 as compared to the unfiltered decane.
[2]
 The 
literature value for the interfacial tension between decane and water lies between 52.3 
mN/m
[3]
 and 53.2 mN/m.
[1]
 Furthermore, the measurements show that the value of the 
interfacial tension can only be reproduced within an error of approximately ± 0.5 mN/m. 
11.2 Preparation of the Microgel Dispersion with Isopropanol 
1 mL of a 1 wt% microgel dispersion in water at the respective pH is carefully diluted 
with 0.2 mL isopropanol of high purity. The resulting dispersion has a microgel content 
of 8 mg/mL. This concentration was used for the investigated microgels because the 
volume needed to record a complete set of compression isotherms (between 5 µL and 
40 µL) is convenient to apply to the interface. The amount of isopropanol needed to 
ensure spreading of the microgels was investigated in the scope of the Bachelor thesis of 
Thomas Juraschek.
[2]
 It is noteworthy that Maestro et al. found an influence of the 
spreading solvent on the contact angle of polystyrene, poly(methyl methacrylate) and 
silica microparticles at liquid-liquid interfaces,
[4]
 but this influence was not investigated in 
this thesis.  
11.3 Setup of the Trough 
All equipment should only be touched wearing gloves to ensure cleanliness. The trough 
and the barriers are cleaned by rinsing it with ethanol and Milli-Q water. Chloroform 
must not be used because the material is not resistant to chloroform. Special care has to 
be taken that the trough and the barriers are not scratched. The platinum plate is rinsed 
with ethanol and water and subsequently burned to red heat with a Bunsen burner for 
several seconds.  
The Langmuir trough for liquid-liquid systems was purchased from KSV NIMA. It is 
made of polyoxymethylene (POM, Delrin®) and equipped with two movable Delrin 
barriers. Holes are drilled through the upper part of the barriers to ensure free flow of the 
oil phase during compression of the monolayer. The measured surface pressure thus only 
arises from changes in the monolayer and not from compression of the oil surface, as it 
was tested by mounting two platinum Wilhelmy plates between the barriers. Plate 1 was 
placed at the decane-water interface measuring the surface pressure of the microgel layer, 
while plate 2 was situated at the decane surface (Figure 68).  
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Figure 68. Surface pressure measured with plate 1 and plate 2 simultaneously between the 
barriers. Plate 1 was placed at the water-decane interface and measured the change in surface 
pressure arising from the microgel layer. Plate 2 was placed at the decane-air surface for the 
measurement of the surface pressure arising from the decane surface.  
It is obvious that the surface pressure measured by plate 2 does not change during 
compression or expansion, showing that the decane surface is not compressed due to the 
liquid being able to flow through the holes in the barriers. 
The measurement procedure that yielded the best and most reproducible compression 
isotherms is described in the following section. The barriers are moved to the “open” 
position at 0 mm which is marked by stoppers attached to the frame. The barriers stop 
moving automatically when reaching the stoppers. The trough is carefully filled with 
200 mL of water at the respective pH. Special care has to be taken that no water is 
situated on top of the rims of the trough but that the water level is on a level with the 
rims. The barriers are moved to the “target” position of 339 mm with a speed of 
100 mm/min to compress the water surface. This distance is close enough to achieve 
compression of the monolayer but the Wilhelmy plate is not disturbed by the barriers at 
high compression. Then, the surface is cleaned with a suction pump. This is done 
carefully; only the uppermost layer of water is removed. If too much water was removed, 
it has to be refilled until the water touches the rim of the trough again. Then, the barriers 
are opened again (100 mm/min). The Wilhelmy plate is placed at the water surface 
(parallel to and in the middle of the barriers), the balance is set to zero and a 
compression/expansion cycle is started (100 mm/min, target 339 mm) and recorded. The 
surface pressure should not exceed 0.5 mN/m at high compression. According to the 
manual of the Langmuir trough, the surface pressure should not exceed 0.1 mN/m.
[5]
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When the recording is finished, the oil (200 mL) is very carefully layered on top of the 
aqueous subphase.
i
 The balance is set to zero again and a compression/expansion cycle is 
recorded (100 mm/min, target 339 mm). In most cases, the surface pressure rises to 
~ 5 mN/m at high compression. If it rises much higher, one has to decide if the 
measurement is started anyway. It is almost impossible to clean the oil-water interface at 
this point because the level of the interface is not directly acessible. However, the 
remaining residues on the interface do not influence the actual measurement and the 
compression isotherms are relatively independent of the previously measured surface 
pressure of the pure oil-water interface.  
The microgel dispersion is placed at the interface with a gas tight Hamilton syringe. Most 
accurate results concerning the amount of microgels placed at the interface are gained 
when the syringe is weighed before filling, with microgel dispersion and after placing the 
dispersion at the interface. From the density and the weight of the applied amount of 
dispersion, the volume of the microgel dispersion and the amount of microgels can be 
calculated very precisely. The dispersion is directly placed at the interface drop by drop. 
Sometimes it is also possible to place the drop at the oil surface and it will drown to the 
interface and spread there. It is recommended to distribute the drops evenly over the 
whole trough area.  
After an equilibration time of 60 min, the compression/expansion cycle is started and the 
change in surface pressure is recored with the Wilhelmy balance. Measurements 
presented in this thesis were recorded at a barrier speed of 10 mm/min. The speed 
influences the isotherms, but this was not investigated in more detail. 
11.4 Influence of Plate Material, Dimension and Orientation 
There are two platinum Wilhelmy plates available: plate 1 with a perimeter of 39.24 mm 
and plate 2 with a perimeter of 42.76 mm. Furthermore, paper plates can be used with a 
perimeter of 20.6 mm.
j
 According to the literature, the paper plate should be used if 
compression-expansion cycles are performed to avoid deposition of particles at the plate 
during compression. This would result in a change of the contact angle of the plate and 
the aqueous phase.
[5-6]
 The surface pressure would be incorrect in that case because a 
requirement for the calculation of the surface pressure is complete wetting of the plate 
and a contact angle of θ = 0°. The influence of the plate material was investigated by 
                                                 
i
 It may happen that the oil removes the water from the lower part of the trough due to hydrophobic 
interactions between the trough and the oil. In that case, the trough has to be cleaned and filled again. This 
is observed more often if the trough is made of Teflon instead of POM. 
j
 The correct plate has to be chosen in the software before the measurement is started (edit  device 
parameters).  
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recording the compression-expansion isotherms of the KG09 microgel at the decane-
water interface at pH 3 with a paper plate and the platinum plates 1 and 2, respectively 
(Figure 69). The shape of all three isotherms is the same; no influence of the plate 
material or dimensions can be detected concerning the hysteresis or the formation of the 
plateau at high compression. However, the maximum surface pressure is different. This 
may arise from the fact that the isotherm was measured at high interface loading and that 
the surface pressure was not zero at low compression, meaning that there was already 
interaction between microgels without compression. Hence, the starting surface pressure 
was already different for each plate. Furthermore, it is noticeable that the isotherm 
measured with the paper plate is noisier than the ones measured with the Pt-plates. The 
isotherms presented in the scope of this thesis were all measured with the Pt-plate 1.  
Additionally, the plate can be placed perpendicular or parallel to the barriers. Previous 
studies on polystyrene particles at octane-water and air-water interfaces showed that the 
orientation of the plate influences the compression isotherms. The area of the monolayer 
collapse was the same but the maximum surface pressure depended on the orientation of 
the plate.
[7-8]
 To account for these findings, an isotherm was recorded with the plate 
hanging perpendicular to the barriers (green data points in Figure 69). Again, the shape 
of the isotherm concerning the formation of the plateau and the hysteresis is similar to the 
ones measured with the plate hanging parallel to the barriers. The difference in maximum 
surface pressure can be attributed to different initial surface pressures. The plate is placed 
parallel to the barriers in a standard measurement in the scope of this thesis. 
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Figure 69. Compression- and expansion isotherm of the KG09 microgel at pH 3 (26 µL, 
12.5 mg/mL) at the decane-water interface measured with different plates. black: paper plate; red: 
Pt-plate 2; blue: Pt-plate 1 (measured by Thomas Juraschek
[2]
); green: Pt-plate 2 in perpendicular 
orientation to the barriers. 
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11.5 Origin of the Hysteresis 
Different amounts of microgels were placed at the interface to investigate the hysteresis 
between compression and expansion isotherms (Figure 70). In connection with Figure 69 
where it was shown that the plate material does not influence the hysteresis, the results 
presented in Figure 70 indicate that the hysteresis is influenced by the concentration of 
microgels at the interface. Hysteresis is observed for all concentrations but it is more 
pronounced after the plateau was reached at high concentration and compression. At low 
concentration, only a small hysteresis is observed at medium trough area and the structure 
relaxes completely after expansion. In contrast to that, the hysteresis is more pronounced 
at high concentration and the structure does not regain its initial state, as it is obvious 
from the different surface pressure before compression and after expansion. It is 
remarkable that the surface pressure decreases to a value significantly lower than at the 
beginning of the compression. It can thus be concluded that the structure changes 
irreversibly as soon as the plateau is reached at high compression and that the initial state 
is not recovered after expansion. The normalization of the isotherms in b) shows that the 
expansion isotherms of samples at medium (red and green) and high (dark and light blue) 
microgel loading overlap, indicating that the structure is similar and that the microgel 
layer relaxes to a similar state after expansion.  
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Figure 70. Compression (full lines) and expansion (dashed lines) isotherms of different amounts 
of the KG09 microgel at pH 3 at the decane-water interface. Hysteresis is more pronounced at 
high interface loading. Data is the same as in Figure 26a. a) non-normalized isotherms; b) 
isotherms are normalized to the mass of microgels at the interface. 
The hysteresis can have different origins. It can be attributed to the formation of 
aggregates that do not dissolve completely during expansion. Studies performed on 
polystyrene particles consider aggregates that do not redisperse during expansion to be 
the origin of hysteresis.
[8]
 It is possible that microgels entangle during compression and 
that these entanglements cannot loosen as fast as the expansion proceeds. It thus would be 
interesting to investigate the influence of barrier speed on the hysteresis. 
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Results obtained with the Langmuir-Blodgett method showed a buckled interface even 
before the plateau is reached at high compression (chapter 7). It can therefore be 
anticipated that the monolayer is destroyed irreversibly once the plateau is reached and 
further investigation using the LB method can clarify the origin of the hysteresis. 
Furthermore, microgels might desorb into the subphase at high compression, leading to a 
different amount of microgels at the interface. The possibility of microgel desorption can 
be investigated with a setup containing a second balance as it is described in chapter 11.8. 
11.6 Addition of Microgels to an Existing Monolayer 
The measurements shown above were all conducted with new microgel layers, meaning 
that the trough was filled with fresh solvents for each measurements and a new microgel 
layer was formed with different concentrations of microgels at the interface. In contrast to 
that, it was also investigated how the microgel layer reacts to compression when 
microgels are added to an existing monolayer after expansion. First, the compression-
expansion isotherm of 7 µL of a 12.5 mg/ml microgel dispersion was recorded. After 
expansion, additional 6 µL were added to the monolayer, resulting in at total of 13 µL 
placed at the interface. An equilibration time of 60 min was maintained between the 
measurements. This procedure was repeated until 131 µL were placed at the interface.  
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Figure 71. Compression-expansion isotherms of different amounts of 12.5 mg/mL dispersion of 
KG09 microgels at pH 3 at the decane-water interface as a function of the trough area (a) and the 
relative trough area (b). With each measurement, the amount of microgels at the interface was 
increased by adding more microgel dispersion to the existing monolayer after expansion. The 
volume of the microgel dispersion given in the graph is the total amount placed at the interface. 
The interface was left to equilibrate for 1 h between the measurements.  
From Figure 71 one can observed different things. First, an increase in particles leads to 
disappearance of the gas-like phase at the beginning of the compression. This was also 
observed for measurements with new microgel layers, for instance in Figure 70. The first 
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two compression isotherms overlap in the normalized graph (b), indicating that no 
microgels are lost to the subphase. At high interfacial loading, however, the isotherms do 
not overlap anymore. The plateau already forms at higher trough areas when the amount 
of microgels at the interface is increased (a), showing that more microgels are present at 
the interface that interact already at low compression. The normalized graph (b) also 
shows that the plateau forms at lower area available per mass of microgel for high 
microgel loading. However, this shift is unsystematic and the isotherms even overlap 
completely at high concentration, even though the amount of microgels differs. It can thus 
be concluded that the interface does not recover between measurements and that there are 
irreversible changes in the monolayer. The additional microgels are thus placed at an 
interface that differs from the interface of a new monolayer of the same amount of 
microgels. Another possibility is that microgels are lost to the subphase due to high 
loading of the interface, leading to incorrect isotherms regarding the amount of microgels 
at the interface.  
However, this is only pronounced for concentrations where the isotherms reach the 
plateau. The isotherms of low concentrations at the interface (black and red line) overlap 
despite the fact that no new monolayer was formed for each measurement. Still, as this 
was not investigated in more detail, it is recommended to use a new monolayer for each 
measurement if the compression and expansion of different amounts of microgels is 
investigated. 
11.7 Normalization of Compression Isotherms to the Size of Microgels 
It was described in chapter 6 that the compression isotherms of different amounts of 
microgels at the interface overlap after normalization of the area to the mass of microgels 
that was placed at the interface. However, the size of the core (KG09) and the core-shell 
(KG15) microgels in bulk varies with the pH. The compression isotherms from Figure 21 
and Figure 24 can thus be normalized to the microgel size at the interface which is 
independent from the pH.
[9]
 First, the area was normalized to the particle size by 
calculating the area per particle and the area covered by one microgel. 
In a similar way, the area fraction φ covered by microgels can be calculated. 
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The area per particle is calculated from the area measured in the compression isotherm 
and the number of microgels at the interface (#particles). The number of particles at the 
interface was calculated from a formula proposed by Destribats et al..
[10]
 It was slightly 
modified by assuming that a microgel contains 50 wt% of bound water at 50°C.
[11]
 From 
the polymer content of the dispersion (cpolymer), the hydrodynamic diameter of the 
microgel in the collapsed state (d50°C) and the density of polymer (ρpolymer) and water 
(ρwater ) the number of particles per milliliter (cparticles) can be calculated. The number of 
particles at the interface then depends on the volume of applied microgel dispersion. 
            
         
      
  
 
        
 
   
       
  ( 26 ) 
The core microgels as well as the core-shell microgel show a core-corona structure at the 
interface (compare chapter 5) that has to be considered for the normalization of the 
isotherms to the microgel size.
[9]
 It is assumed that it is possible for the coronas to 
interpenetrate during compression, meaning that the size changes. For this reason, the 
particle size di,c of the core at the interface was used to normalize the isotherms to the 
particle size as the core size is assumed to be relatively constant. The microgel size was 
extracted from FreSCa cryo-SEM images (chapter 5). 
Table 9. Parameters for the calculation of the number of particles placed at the interface in the 
Langmuir trough following equation (26). d50°C is the diameter of the microgel in the completely 
collapsed state. ρpolymer was calculated from the density of a microgel dispersion of 1 wt% and the 
density of water (ρH2O = 0.998 g/mL). 
 KG09 KG15 
 pH 3 pH 9 pH 3 pH 9 
cparticles [mL
-1
] 1.1175·10
13 
1.0627·10
13 
4.2015·10
12 
4.0808·10
12 
Mw [g/mol] 4.45·10
8 
4.49·10
8 
1.21·10
9 
1.22·10
9 
di,c [nm] 358 352 436 438 
cpolymer [mg/mL] 8.26 7.93 8.47 8.25 
d50°C [nm] 138 193 
ρpolymer [g/mL] 1.1632 1.1876 1.1558 1.1629 
After normalization, the isotherms of both microgels in the uncharged state superimpose 
and collapse down to one master curve (Figure 72). This shows that they indeed show the 
same behavior under compression and that the trend of the isotherm does not depend on 
the microgel morphology or the size of the particle, as it was in detail discussed in chapter 
6.
[12]
 The effect of charges is clearly visible in this plot because the isotherm of the 
charged core is situated at smaller areas compared to the uncharged one. The charged 
core-shell microgel is situated between the completely charged core and the uncharged 
one. This leads to the conclusion that the charges in the core of the core-shell microgel 
are not completely shielded from the outside and still influence the behavior under 
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compression. The charge effect is less pronounced than in the case of the core microgel 
where the charges are completely exposed.  
The changing particle density during compression can be expressed with the area fraction 
φ. In chapter 7 it was shown that the transition from random to hexagonal packing during 
compression takes place before the first plateau is formed. The first rise in the 
compression isotherms takes place at area fractions between 0.5 and 1 (Figure 72b). That 
roughly corresponds to the values of φ for which development of local hexagonal order 
starts to emerge, as seen from the data in Figure 35 that was extracted from AFM images. 
This correlation confirms that the increase in the surface pressure happens when the 
microgels start interacting at the interface and form a hexagonal array. Furthermore, the 
normalized compression isotherms show that the microgels indeed change their size 
during compression as area fractions above 1 represent compression of the microgels.  
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Figure 72. Normalized compression isotherms of the core and the core-shell microgel in the 
charged and the uncharged state. a) normalized to the area of one microgel; b) normalized to the 
covered area fraction. The inset in b) shows the isotherms on a logarithmic scale. 
Additionally, all microgels reach the same surface pressure of approximately 35 mN/m at 
high compression. The measurement of the interfacial tension (IFT) of a 1 wt% microgel 
dispersion and n-decane gave quasi-equilibrium IFT values around 18.5 mN/m for both 
core and core-shell microgel in the charged and uncharged state (Table 10). This 
corresponds to a surface pressure of π = 34.7 mN/m (with π = γ0 – γi and γ0 = IFTn-
decane/water = 53.2 mN/m
[1]
) and represents the onset of the second plateau of the 
compression isotherms. It can thus be assumed that the arrangement of microgel particles 
at the interface of a pendant drop in quasi-equilibrium is similar to the one of a microgel 
layer at high compression. This implies that the microgels adosorb to the interface of the 
pendant drop in the compressed state. 
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Table 10. Interfacial tension of 1 wt% aqueous microgel dispersions of the core and the core-shell 
microgel at pH 3 and pH 9 versus n-decane after 60 s and after 8000 s in quasi-equilibrium. 
  1 wt% aq. dispersion versus n-decane 
  after 60 s after 8000 s 
core microgel 
uncharged (pH 3) 20.0 18.7 
charged (pH 9) 23.8 19.2 
core-shell 
microgel 
uncharged (pH 3) 19.7 18.0 
charged (pH 9) 21.2 18.2 
Despite the conclusive results presented above, one has to keep in mind that the 
normalization is based on several parameters that are potentially inaccurate. First, the 
particle number was calculated from the concentration of the microgel dispersion instead 
of using the molecular weight determined with static light scattering. However, static 
light scattering also gives a value for the molecular weight that contains a significant 
error. Second, the assumption that the core size of the microgels at the interface does not 
change during compression may be inaccurate, but still serves the purposes in this 
chapter. Thus, the data presented in Figure 72 may contain an error in the normalized 
area that cannot be estimated correctly. 
11.8 Investigation of the Desorption of Microgels from the Interface  
Microgel-covered droplets were investigated in previous work and it was shown that the 
microgels do not leave the droplet interface when they are adsorbed.
[13-14]
 Furthermore, it 
is assumed that microgels do not desorb from the interface during compression. This is 
deduced from the fact that the compression isotherms of different amounts of microgels at 
the interface overlap after normalization (compare for instance Figure 70). If microgels 
left the interface during compression, the overlap would be less pronounced because it is 
expected that the desorption would depend on the microgel loading. Consequently, a 
higher amount of microgels would leave the interface at high compression and high 
loading than at low compression, leading to a shift in the compression isotherms that 
would be represented by a poor overlap of the isotherms after normalization. 
Nevertheless, pronounced hysteresis exists between compression and expansion 
isotherms, leading to the assumption that microgels may leave the interface when the 
plateau is reached at high compression. Different preliminary attempts were made in the 
scope of this thesis to investigate if microgels leave the oil-water interface at some point 
in the measurement of the compression-expansion isotherms. The change in the 
fluorescence intensity of the subphase was monitored in a model system and the 
Langmuir trough was equipped with a second balance to investigate the readsorption of 
previously desorbed microgels.  
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11.8.1 Measurement of Fluorescence Intensity in the Subphase 
When fluorescently labeled microgels leave the interface and migrate into the subphase, 
the fluorescence intensity of the subphase changes. This was tested by creating a 
microgel-covered interface in a standard 1 cm cuvette and following the change in the 
fluorescence intensity of the aqueous subphase with time. The change in fluorescence 
intensity can then be correlated to the amount of microgels in the subphase following a 
calibration curve. The UV/vis spectrum of rhodamine B-labeled microgels revealed a 
maximum absorption at λ = 558 nm. Thus, the fluorescence was measured with an 
excitation wavelength of 558 nm. The emission was recorded from 570 nm to 700 nm and 
showed a maximum at 582 nm. The calibration curve for different concentrations of 
microgels in water at pH 3 and pH 9 shows a linear dependence of the fluorescence 
intensity on the microgel concentration (Figure 73a). 
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Figure 73. a) Calibration curve of different concentrations of microgels in water at pH 3 (closed 
symbols, full line: y = 7830x – 0.55) and pH 9 (open symbols, dashed line: y = 7010x – 0.021). 
b) Development of the fluorescence intensity of the subphase of a decane-water system over a 
time span of 10 h. The interface is covered with fluorescently labeled microgels. The lines around 
zero intensity are measured before the microgels were added to the interface. The uppermost and 
the second uppermost line correspond to measurements directly and 1 min after the addition of 
microgels to the interface. 
Measurements of the time-dependent fluorescence intensity were performed by placing 
10 µL of a 0.01 wt% microgel dispersion with isopropanol (5:1 v:v) at the interface of 
water (at the respective pH) and decane in a cuvette (thickness 1 cm). The progression of 
the intensity is shown in Figure 73b over a time span of 10 h at pH 3. The intensity 
decreases in the first 2 minutes to a relatively constant level, indicating that microgels that 
are dispersed in the subphase adsorb to the interface. No desorption of microgels could be 
detected. An intensity of 2.5 means a microgel concentration of 3.9·10
-4
 wt% in the 
aqueous subphase according to the calibration curve.  
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However, it is possible that changes in the intensity are too small to be detected with this 
setup. This was the case for microgels adsorbed to the interface at pH 9. The same 
concentration as for the experiments at pH 3 was used but no maximum at 582 nm could 
be detected and the intensity was too small to observe any changes at all. Further 
experiments are needed to investigate the desorption of microgels by measuring the 
fluorescence intensity of the subphase. 
11.8.2 Desorption of Microgels during Compressionk 
The desorption of microgels during compression was investigated by placing a second 
balance behind the right barrier. When the barriers are moved towards each other, the 
interface between them is compressed and the surface pressure rises (plate 1). At the same 
time the interface behind the barriers increases and a decrease of surface pressure is 
observed at plate 2. When the barriers are opened again, the interface between them is 
expanded, leading to a decrease in the surface pressure on plate 1. Plate 2 measures an 
increase in surface pressure due to compression of the interface behind the barriers. This 
is shown in Figure 74 for a microgel-covered interface at pH 3.  
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Figure 74. Compression-expansion isotherms measured with two balances of the KG09 microgel 
at pH 3 at the decane-water interface. Full lines: closing the barriers; dashed lines: opening the 
barriers. Plate 1 is placed between the barriers, plate 2 behind the right barrier. 60 min 
equilibration time was maintained between cycles and between compression and expansion. 
Black: 10.43 µL; red: 21.47 µL first cycle; blue: 21.47 µL second cycle.  
The surface pressure was followed at plate 1 and plate 2 using different amounts of 
microgels. A waiting time of 60 min was maintained between compression and expansion 
                                                 
k
 Balance 1 and balance 2 have to be assigned to one trough (edit  device parameters  balance 1 and 
balance 2 in one trough) to perform measurements with two balances simultaneously. 
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and between subsequent measurement cycles of interfaces without changing the microgel 
loading. 
First, plate 1 is considered. The concentration of microgels at the interface influences the 
effect of the waiting time between compression and expansion. At low concentrations and 
before the plateau is reached, the waiting time of 60 min between compression and 
expansion has little influence on the isotherms. The surface pressure does not decrease 
significantly in this time (black). In contrast to that, waiting of 60 min at high 
compression after the plateau is reached results in a drop of surface pressure (red). This is 
also observed in the second cycle (blue) and it is remarkable that the surface pressure 
decreases to the same value as in the first cycle. Furthermore, the second cycle does not 
show a plateau at high compression, indicating that less microgels than in the first cycle 
are present at the interface. This is a hint towards microgels being expelled from the 
interface during the first cycle.  
Turning the attention to plate 2 at low microgel concentration, the surface pressure is 
around zero at high area per mass of microgel. Closing the barriers leads to an expansion 
of the interface and consequently, the surface pressure behind the barriers decreases by 
some mN/m. After the waiting time of 60 min the barriers are opened and the interface 
behind the barriers is compressed, leading to an increase in surface pressure to 5.5 mN/m. 
This increase may be due to microgels readsorbing from the subphase. Measurements of 
the clean oil-water interface only lead to an increase in surface pressure of 1 mN/m on 
plate 2, which eliminates the possibility of impurities being the only reason for the 
increasing surface pressure during compression.  
Two cycles of compression and expansion at high microgel loading influence the surface 
pressure on plate 2. After the first cycle, the surface pressure has risen to 3.5 mN/m, 
which drops to 2.3 mN/m during 60 min equilibration time. The surface pressure has risen 
to 6.5 mN/m after the second cycle, which indicates that even more microgels left the 
interface between the barriers and readsorbed behind them. This is in agreement with the 
dissapearance of the plateau in the second cycle on plate 1.  
Compression-expansion isotherms of one interfacial microgel layer at pH 9 that was 
measured three times consecutively are shown in Figure 75. The expansion was 
performed directly after the compression in the first cycle at low microgel concentration 
((a), black line). Then, an equilibration time of 60 min was maintained and the second 
cycle was started with a waiting time of 1 min between compression and expansion (red). 
The third cycle was again started after 60 min equilibration time and a waiting time of 
60 min between compression and expansion (blue). 60 min waiting time between 
compression and expansion results in a decrease of the surface pressure in this time span 
(blue). The cycles do not overlap completely but the differences are not very pronounced. 
The maximum surface pressure is similar. The same surface pressure is obtained at lower 
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area per mass with each cycle, meaning that the same interfacial properties are reached at 
higher compression in consecutive cycles. Plate 2 measures the surface pressure behind 
the barriers that results from microgels adsorbing from the subphase. The maximum 
surface pressure increases with each cycle and is in the order of 2.5 mN/m after the third 
cycle. The surface pressure measured on plate 2 increases while the surface pressure 
measured on plate 1 decreases, indicating that microgels desorb during compression and 
readsorb behind the barriers. This also shows that even at low interfacial loading, before 
the plateau is reached, the isotherms are not completely reversible.  
The difference between cycles one (green) and two (dark blue) is more pronounced at 
high microgel concentration (Figure 75b). As it was already observed for the microgel 
layer at pH 3 (Figure 74), the plateau is not reached anymore in cycle two, showing that 
less microgels are present at the interface. A surface pressure of 7.5 mN/m is reached on 
plate 2 after the second cycle, also hinting towards microgels readsorbing at the free 
interface behind the barriers.  
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Figure 75. Compression-expansion isotherms measured with two balances of the KG09 microgel 
at pH 9 at the decane-water interface. Full lines: closing the barriers; dashed lines: opening the 
barriers. Plate 1 is placed between the barriers, plate 2 behind the right barrier. 60 min 
equilibration time was maintained between the measurement cycles. a) 10.72 µL microgel 
dispersion; first cycle, 0 min between compression and expansion (black); second cycle, 1 min 
between compression and expansion (red); third cycle, 60 min between compression and 
expansion (blue); b) 40.34 µL microgel dispersion; first cycle (green) and second cycle (dark blue) 
with 60 min equilibration time between cycles and between compression and expansion. 
As a conclusion, it can be state that the surface pressure measured behind the barriers 
increases after a cycle of compression and subsequent expansion, indicating that 
microgels adsorb at the free interface from the subphase. It is assumed that the increase is 
mostly caused by microgels and not by impurities present at the interface. The increase 
depends on the concentration of microgels at the surface and their compression state; 
desorption is facilitated for monolayers that reach the plateau at high compression. The 
plateau is produced by a collapse of the monolayer and this event supports the assumption 
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that more microgels leave the interface at this compression state that can subsequently 
readsorb behind the barriers.  
The plateau is reached only in the first cycle of subsequent measurements which 
represents a change in the interfacial microgel layer. The complex interplay of the 
possible formation of aggregates, changes in the individual microgel structure (for 
instance deformation or compression) and desorption of microgels to the subphase are 
supposed to be the origin of this change. Nevertheless, the decrease of surface pressure 
measured between the barriers is associated to the increase of the surface pressure behind 
the barriers, showing that microgels desorbing from the interface can readsorb at a free 
interface to form Gibbs monolayers.  
Different measures can be taken to improve the results obtained with two balances: 
 The measurements above were conducted with a barrier speed of 10 mm/min. 
Compressing the layer with higher speed may force the microgels into the 
subphase at high compression.  
 The waiting time between compression and expansion can be altered to 
investigate if microgels leave the subphase at high compression when they are 
maintained in this state for longer times.  
 The setup can be altered in a way that only one barrier is used that moves over the 
whole length of the trough.
[15-16]
 The compressible area would be larger and 
microgels have only one possibility to adsorb to free interface. The area available 
for the microgels would be comparable at each side of the barrier. Two barriers 
are used in the setup described above, meaning that there is free interface behind 
each barrier in the compressed state. However, balance 2 is only measuring the 
change in surface pressure behind one barrier and thus half of the microgels that 
adsorb behind the other barrier are not taken into account.  
 The Langmuir-Blodgett method can be used to investigate the readsorbtion of 
microgels behind the barriers.  
Additionally, elaborate methods like interfacial micro tensiometers give valuable 
information about the desorption energies of soft particles.
[17]
 However, the application of 
this method to oil-water interfaces covered with microgels is very challenging.  
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12. Summary and Conclusion 
Several methods were used in the scope of this thesis to investigate the structure and 
properties of microgels at curved and flat interfaces. The results are discussed concerning 
the arrangement, the deformation and the protrusion height of microgels at liquid 
interfaces. Furthermore, the influence of charges on these properties is examined. 
Additionally, microgel-stabilized emulsions are compared to solid-stabilized Pickering 
emulsions and differences are highlighted.  
Cryo-SEM measurements indicated that deformation and compression of microgels at 
liquid interfaces are possible, but the results concerning the influence of external 
parameters on the microgel structure and arrangement were ambiguous. Thus, FreSCa 
cryo-SEM was used to produce a flat microgel-covered interface under controlled 
conditions. It was found that microgels deform at flat liquid interfaces and adopt a core-
corona morphology that can also be described as pancake- or fried-egg-like morphology. 
Only a small part of the microgels is protruding into the oil phase while the main part is 
located in the aqueous phase. The anisotropic deformation was even more pronounced 
when emulsion droplets were investigated with TXM. A small part of the microgels 
extends into the oil phase, resulting in a non-spherical shape that is similar to that of 
amphiphilic dumbbell particles. Interestingly, the part of the microgels that is situated in 
the oil phase is still hydrated. The location of microgels at the oil-water interface was also 
investigated using contrast variation experiments in SANS. The analysis of the Porod 
regime indicates that the protrusion of the microgels in the oil- and in the water phase is 
similar, with the protrusion into the water phase only being slightly higher. This 
discrepancy to the protrusion height gained with FreSCa cryo-SEM and TXM shows that 
the influence of sample preparation and examination method have to be considered when 
microgel-covered interfaces are investigated. Furthermore, different sizes of microgels 
and droplets influence the degree of microgel deformation and the protrusion in the 
respective phase.  
This influence is also relevant for the arrangement of microgels interfaces, as they form 
different arrays depending on sample preparation and examination method. Moreover, 
local gradients of concentration or shear rate, for instance, produce differences in the 
local interface coverage. These differences can be found in FreSCa cryo-SEM images 
where large areas with hexagonal arrangement of microgels as well as areas with lower 
particle density with random arrangement are present in close proximity to each other. 
Something similar was found in conventional cryo-SEM measurents of emulsion droplets. 
In contrast to that, very hexagonal layers were produced systematically in the Langmuir 
trough. These layers were transferred to solid substrates with the Langmuir-Blodgett 
technique and subsequently imaged with AFM. High degrees of order were achieved and 
the microgel layers remained stable under compression. The distance between the 
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particles decreased under compression and the microgel diameter decreases, meaning that 
the individual particles are compressed. This demonstrates the special properties arising 
from the softness of the microgels. Even the charged particles are not repelled from each 
other but can come as close as the uncharged ones. In contrast to that, emulsions imaged 
with TXM did not show hexagonal microgel arrangement around emulsion droplets. This 
is attributed to the small droplet size and the resulting difference in the curvature of the 
interface compared to the interfaces investigated with FreSCa and conventional cryo-
SEM or in the Langmuir trough. 
Even though macroscopic emulsion stability depends on the pH and thus the charges of 
the microgels, the deformation and the arrangement is not influenced by the presence of 
charges. FreSCa cryo-SEM reveals similar deformation and protrusion height for charged 
and uncharged particles and a charge-independent degree of deformation between core 
and corona; the same was observed for the highly ordered hexagonal layers produced in 
the Langmuir trough. Charged microgels shrink during compression in the same manner 
as their uncharged equivalents. Nevertheless, the influence of charges on the individual 
microgels and the microgel layer under compression in a Langmuir trough is special and 
in some cases counterintuitive. The charged microgels can be compressed further before 
an increase in surface pressure is observed, meaning that neither charge repulsion nor size 
effects play a major role in the compression and interaction of microgels at interfaces. 
Rather than that, the deformability and softness of the microgels is decisive for 
compressibility as it has been shown by using core-shell particles where the charges are 
shielded by an uncharged shell. The same charge influence as in the case of the 
unshielded core particles was observed. As the compressibility of charged and uncharged 
microgels is different, it is worth investigating the rheological properties of microgel-
covered interfaces in more detail. First experiments presented in this thesis and earlier
[1]
 
indicate that the viscoelasticity of the interface largely influences the properties of the 
emulsions. It is proposed that high interfacial elasticity and a pronounced linear 
viscoelastic region in the elastic and loss modulus are properties that indicate high 
emulsion stability. 
A comparison with Pickering emulsions stabilized by hard particles reveals several 
differences to microgel-stabilized emulsions. The deformability and softness of microgels 
is in striking contrast to hard spherical particles. No distinct contact angle can thus be 
defined for microgels as they lose their spherical shape at the interface. PNiPAm-based 
microgels are hydrophilic and swollen by the aqueous phase, in which they are mainly 
situated. Still, both oil-in-water and water-in-oil emulsions can be formed with PNiPAm-
based microgels. In contrast to that, particulate emulsion stabilizers are partially wetted 
by both phases and the contact angle of the particle at the interface defines the nature of 
the emulsion. This leads to a dependence of the emulsion on the surface properties of the 
stabilizing hard particles. For instance, charged surface groups influence the wetting 
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properties and thus the type of emulsion. In contrast to that, the behavior of microgels at 
the interface is not only influenced by their surface properties but by their overall 
appearance and deformability. Changing microgel properties, for instance the existence of 
surface charges, does not change the wetting properties and the deformation of microgels 
at interfaces. Contrarily, changing internal parameters like the crosslink density and thus 
deformability influences their behavior, as it is obvious from the analysis of the 
compression isotherms. In this context is is important to note that microgels have 
different properties in bulk and at interfaces. For instance, their swelling capacity in bulk 
clearly depends on the pH. Once adsorbed to liquid interfaces, however, the amount of 
charges does not influence the degree of deformation anymore. This is in harsh contrast to 
conventional Pickering stabilizers, where bulk properties determine the behavior at 
interfaces and the potential as emulsion stabilizers. 
The softness of microgels also leads to special behavior under compression. Rather than 
repelling each other due to steric or electrostatic interactions, microgels can be 
compressed further than it is expected based on their size in bulk. The center-to-center 
distance at high compression is much smaller than the microgel size in bulk, irrespective 
of the charges of the microgel. It is not until high compression that the interface starts to 
buckle. Hard particles, however, are repelled from each other and form arrays with large 
particle distances at flat interfaces.
[2]
 The interface starts to buckle as soon as compression 
is applied to particles being in contact.
[3-5]
 This difference between hard and soft particles 
is particularly remarkable because microgels do not experience charge repulsion under 
compression. Instead, the charges influence the overall softness of the microgel which 
results in changes in the compression isotherms.  
The stability of Pickering emulsions depends on the interfacial activity of the particles. 
Once they are adsorbed, they basically do not leave the interface due to energetic reasons. 
Charged particles are in some cases hindered from adsorption due to an electrostatic 
barrier arising from the electric double layer repulsion between a particle and an interface. 
Image charges arising from particles at the interface may prevent particles from 
adsorption
[6]
 and emulsification is not possible in that case. Contrary to that, microgels 
are highly surface active even in the charged state and are more effective emulsion 
stabilizers than in the uncharged state. Nevertheless, charge repulsion between microgel-
covered droplets is not the reason for the exceptional emulsion stability when microgels 
are used as stabilizers.
[7]
 Measurements of the interfacial tension show that uncharged 
microgels lower the interfacial tension more effectively than charged microgels, but still 
the emulsion is more stable if charged microgels are used as stabilizers. Hence, the 
interfacial tension is not the most important factor for estimating emulsion stability. The 
elasticity of the interface, the nature of the oil and the properties of the individual 
microgels are crucial factors and the interplay between them governs the properties of 
microgel-stabilized emulsions.  
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In this work it was possible to achieve a deeper understanding of the behavior of 
microgels at interfaces and the differences to hard particles. Starting from emulsions and 
their macroscopic appearance in dependence of pH and temperature, the individual 
microgels at flat and curved interfaces were investigated in more detail. The complete 
results show that emulsions and microgel-covered interfaces in general are a delicate 
system whose macroscopic and microscopic properties depend on many parameters. 
Nevertheless, important aspects like the deformabiliy of microgels, the behavior under 
compression and different types of microgel arrays were elucidated from different points 
of view. This information helps to increase the overall knowledge about microgels at 
interfaces. It can pave the way to the fabrication of microgel arrays with specific particle 
distances and arrangements on the one hand and the formulation of microgel-stabilized 
emulsions with distinct properties on the other hand. 
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13. Future Prospects 
PNiPAm microgels are surface active at oil-water and air-water interfaces. They can thus 
not only be used to stabilize emulsions but may also act as stabilizers in foams, similar to 
foams stabilized by hard particles or latexes.
[1-2]
 The decrease in surface tension of 
PNiPAm microgels at the air-water interface is less strong than at the oil-water 
interface,
[3]
 but it has been observed in preliminary experiments that zwitterionic 
microgels carrying positive and negative moieties produce foams with high stability.
[4]
 
This behavior can be used to produce switchable foams with specific stability and foam 
volume. It would also be interesting to investigate the interfacial behavior of PNiPAm 
chains instead of microgels in foams and emulsions. They adsorb to liquid interfaces and 
lower the interfacial tension, as it has been shown by IFT measurements and compression 
isotherms.
[5-8]
 The interfacial coverage is different when chains are used instead of 
microgels and it can thus be expected that emulsion stability is influenced by the 
morphology of the stabilizing polymer.  
The location of microgels at the interface can be investigated in more detail by means of 
different methods. FreSCa cryo-SEM offers the possibility to determine the protrusion 
height of microgels at oil-water interfaces very precisely. The measurements presented in 
chapter 5 yielded an estimation of the protrusion height but an exact determination was 
not possible due limitations arising from the shadowing angle. This problem may be 
overcome by using large microgels that probably protrude more into the oil phase and 
produce a clear shadow behind the microgels. The absence of a shadow would indicate 
that the protrusion into the oil phase is small irrespective of the nature of the microgel. 
The microgels used for the TXM measurements in chapter 8 (lab book code SAS02
[9-10]
) 
are worth investigating with FreSCa cryo-SEM and direct comparison with the protrusion 
resulting from TXM would then be possible.  
Scattering of neutrons or x-rays at interfaces provides information about the particle 
monolayer by analyzing a beam scattered at the flat particle-covered interface. Different 
setups can be used to measure GI-SANS or GI-SAXS and neutron or x-ray reflectivity 
(NR, XRR) at large scale facilities. Both techniques are established for molecules or 
nanoparticles at liquid (mostly air-water) interfaces. Difficulties concerning reflectivity 
and GI experiments on microgel-covered oil-water interfaces arise from different aspects 
that may complicate data acquisition and analysis. For instance, the microgels adopt an 
inhomogeneous shape at the interface and the distribution of microgels at the interface 
may not be hexagonal over the whole sample. Furthermore, small microgels (Rh ≈50 nm) 
have to be used to ensure a thin interfacial layer. The loss in intensity after travelling 
through the oil has to be small, which is achieved by choosing an oil with suitable 
attenuation length and by reducing the thickness of the oil layer. In brief, if it is possible 
to overcome experimental difficulties and develop a suitable measurement procedure, 
FUTURE PROSPECTS 
155 
reflectivity and GI experiments should give valuable information about the microgel layer 
at liquid interfaces. 
Several measurements on the Langmuir trough can be performed to improve on the one 
hand the knowledge about the influence of deformability on the compression; on the other 
hand, the possible desorption of microgels during compression is worth investigating. 
Microgels with different morphologies can be used to explore the first aspect. For 
instance, core-shell particles with hard core (silica or polystyrene) and soft microgel shell 
can be pitted, resulting in hollow spheres with similar size but increased deformability 
compared to the corresponding core-shell particles. The resulting compression isotherms 
show the influence of the missing core on the behavior of the monolayer under 
compression. The desorption of microgels during compression can be investigated by 
installing a second Wilhelmy balance to the Langmuir trough, following work performed 
on core-shell nanoparticles by Stefaniu et al..
[11-12]
 The second balance is mounted behind 
the barriers and measures the change in surface pressure arising from the adsorption of 
previously desorbed microgels at the free interface behind the barriers (formation of a 
Gibbs monolayer). Preliminary experiments concerning the desorption of microgels from 
interfaces have already been performed with the Langmuir trough and the results are 
shown in chapter 11. The possibility of microgels desorbing from the interface under 
compression is worth considering in future experiments and can give information about 
the affinity of different microgels towards interfaces and about the origin and extent of 
the hysteresis between compression and expansion isotherms. 
Considering the arrangement of hard particles in 3D colloidal crystals, the crystallinity is 
lost if the polydispersity exceeds a critical value. Furthermore, multimodal size 
distributions may affect the formation of colloidal crystals.
[13-15]
 The Langmuir-Blodgett 
method can be used to test if a 2D microgel layer at oil-water interfaces retains its high 
hexagonality when the polydispersity is increased or when the monolayer is formed of 
microgels with different size. These findings will support the systematic formation of 
microgel monolayers that can be used for instance as masks for particle lithography. 
Another important aspect is the correlation between microgel arrangement, deformation 
and the viscoelastic properties of the interface. This has already been investigated in a 
collaborative project with the groups of Lucio Isa (ETH Zürich) and Véronique Schmitt 
(Université de Bordeaux).
[16]
 The surface pressure (measured in a Langmuir trough) and 
the surface elasticity (measured with the oscillating pendant drop method) were related to 
the packing density of microgels at the interface under compression and after spontaneous 
adsorption. The compression isotherm can be expressed as a function of the center-to-
center distance of the microgels, showing the pronounced compression of the microgels at 
high interfacial microgel concentration. A comparison with the elastic modulus of the 
interface shows that the maximum surface elasticity is correlated to the fist increase in 
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surface pressure in the compression isotherm, which corresponds to the flattened 
conformation of the microgels. These results show the similarity of microgel monolayers 
prepared in the Langmuir trough at low compression and after self-assembly, as it has 
also been shown in the scope of this thesis. Furthermore, they underline the necessity to 
measure interfacial shear and dilatational rheology because the viscoelastic properties of 
the interface are obviously connected to the microgel arrangement and deformation. The 
influence of microgel charges on the interfacial properties can then be investigated in 
more detail.  
The kinetics of microgel adosorption to liquid interfaces also differs from that of hard 
particles, as it was investigated in collaboration with the group of To Ngai (Chinese 
University of Hong Kong).
[17-19]
 The adsorption takes place in two steps which comprise 
first the diffusion to the interface and second the deformation and spreading of microgels. 
The effect of microgel concentration and deformability was investigated in the study of Li 
et al.; it can thus be anticipated that the presence of charges influences the kinetics of 
adsorption due to different deformability of the respective microgels. In a very recent 
paper, emulsion droplets covered with charged and uncharged microgels were 
investigated in detail with cryo-SEM.
[20]
 The microgel arrangement is independent from 
the presence of charges and their special distribution inside the microgels. These results 
emphasize again the unexpected influence of charges on microgel layers, similar to what 
has been shown in this thesis with Langmuir trough and AFM experiments.  
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14. Appendix 
14.1 Lab Book Codes  
Table 11. Lab book codes and further description of the microgels used in this thesis.  
lab book code 
thesis 
chapter 
thesis code 
used in 
publications
l
 
wt% BIS in 
synthesis 
wt% MAA 
(titration) 
KG08 9 microgel - 5 5.7±0.1 
KG09 
4, 10, 11 CC 
I, II, III 5 6.3±0.6 0, 7 core microgel 
6 microgel 
KG11 10 BIS15 - 15 5.0±0.1 
KG14 4, 10 CS1:1 - 5 3.4±0.3 
KG15 
4, 10, 11 CS1:2 
I, II; III 5 2.8±0.5 
0, 7 
core-shell 
microgel 
6 
second 
microgel 
SAS02
[1]
 8 
microgel 
(MC microgel 
in ref 
[2]
) 
IV 2.9
[2]
 6.7
[1-2]
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14.2 Microgel Synthesis 
Microgel synthesis was done with standard precipitation polymerization with surfactant 
as described below. The synthesis procedures of the microgels KG11, KG14 and KG15 
were modified but are based on the procedure described for microgels KG08 and KG09. 
KG08 and KG09 
Water was purged with N2 for 1 h under stirring in a three neck flask equipped with 
condenser, mechanical stirrer and nitrogen inlet. After 1 h, some milliliters of the 
degassed water were taken from the flask. NiPAm, BIS, MAA, and SDS were added to 
the flask using a funnel for solid material. All used material was rinsed with the water 
taken from the flask to ensure complete addition of the monomers. MRB was dissolved in 
degassed water using ultrasonification and added to the reaction mixture. Then, the 
mixture was heated to 80°C (resp. 85°C depending on the microgel) under stirring. KPS 
was dissolved in 10 mL of the residual degassed water. When the reaction temperature is 
reached, the KPS solution is added with a syringe to start the polymerization. The 
reaction is left to proceed for 5 h at 80°C (85°C) under stirring and gentle nitrogen flow. 
Then the mixture is cooled to room temperature and filtered over glass wool to remove 
any particulate matter. The microgels are purified by centrifugation and replacement of 
the supernatant with fresh doubly distilled water. The microgels are lyophilized for 
storage.  
KG11 
The microgel KG11 was synthesized using a semi-batch method based on the synthesis 
described for the KG08 and KG09 microgels. The solution (I) (Table 12) containing 
NiPAm, MAA, BIS, MRB and SDS was initiated with KPS as described above. Directly 
after KPS was added, 20 mL of solution (II) containing NiPAM, BIS and MAA were 
added continuously over 30 min with a speed of 0.8 ml/min using a syringe pump. The 
reaction was left to proceed for 5 h at 80°C under stirring after the addition of solution 
(II). 
KG14 and KG15 
For the synthesis of the microgels KG14 and KG15, the core microgel CC was dispersed 
in 475 mL of water and the solution was purged with N2. Additional 125 mL of water 
were degassed separately. SDS was added to the CC solution and the mixture was heated 
to 80°C. KPS was dissolved in 25 mL of the extra water (II) and NiPAm, BIS and MRB 
were dissolved in 100 mL of this water (III). When the temperature of 80°C was reached, 
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20 mL of monomer solution (III) and 5 mL of KPS solution (II) were added 
simultaneously using syringes to start the polymerization. This was repeated four times 
with ten minute delay between the additions. The reaction was left to proceed for 5 h at 
80°C under stirring after the last addition of monomers and KPS. 
Table 12. Synthesis conditions of the microgels prepared in the scope of this thesis. Roman 
numbers in parenthesis indicate different solutions used in the semi-batch methods for the 
synthesis of KG11, KG14 and KG15.  
 KG08 KG09 KG11 KG14 KG15 
KG09 
(previously 
lyophilized) 
   6.003 4.000 
NiPAm [g] 17.9908 22.5052 
0.9617 (I) 
1.4401 (II) 
5.7000 7.6007 
MAA [g] 0.9999 1.2544 
0.0621 (I) 
0.0935 (II) 
- - 
BIS [g] 1.0039 1.2512 
0.0900 (I) 
0.3607 (II) 
0.2994 0.3995 
MRB [g] 0.0206 - 0.0016 0.0020 0.002 
SDS [g] 
(%CMC) 
1.8457 (80%) 0.8662 (30%) 0.1070 (30%) 0.4153 (30%) 0.2773 (20%) 
KPS [g] 0.4798 0.5988 0.0711 0.1414 0.1870 
H2O [mL] 1000 1250 
130 (I)  
20 (II) 
475 (I)  
25 (II) 
100 (III) 
475 (I) 
25 (II) 
100 (III) 
T [°C] 85 80 80 80 80 
speed [rpm] 350 300 300 250 250 
t [h] 5 5 5 5 5 
centrifugation 
5 cycles, 2 h, 
50000 rpm 
4 cycles, 1 h, 
35000 rpm 
4 cycles, 1 h, 
50000 rpm 
5 cycles, 1 h, 
35000 rpm 
5 cycles, 1 h, 
30000 rpm 
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14.3 Microgel Characterization 
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Figure 76. Temperature-dependent hydrodynamic radius of the KG08 microgel in a) bidistilled 
water and b) in a buffer system at pH 3 (squares) and pH 9 (triangles). The buffer at pH 3 
contains citric acid, sodium hydroxide and sodium chloride (Sigma-Aldrich); the buffer at pH 9 
contains sodium tetraborate and hydrochlorid acid (Sigma-Aldrich). Filled symbols represent 
temperature increase, open symbols represent temperature decrease. The microgels aggregate 
in the buffer at pH 3 above a temperature of 30°C and data points are not displayed. The 
hydrodynamic radius of KG08 in deuterated buffer at 20°C is 74 ± 1 nm at pH 3 and 86 ± 1 nm at 
pH 9. The deuterated buffer was prepared by freeze-drying a certain volume of buffer and refilling 
it with the same volume of D2O (compare chapter 9.7). 
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Figure 77. Temperature-dependent hydrodynamic radius of the a) KG09 and b) KG11 microgel at 
pH 3 (squares) and pH 9 (triangles). Filled symbols represent temperature increase, open 
symbols represent temperature decrease. 
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Figure 78. Temperature-dependent hydrodynamic radius of the a) KG14 and b) KG15 microgel at 
pH 3 (squares) and pH 9 (triangles). Filled symbols represent temperature increase, open 
symbols represent temperature decrease. 
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Figure 79. pH-dependent zeta potential of the a) KG09 (squares), KG14 (triangles) and KG15 
(circles) microgel and b) the KG08 microgel. 
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14.4 Abbreviations 
3D three dimensional 
AFM atomic force microscopy 
BIS N,N’-methylenebisacrylamide 
Cryo-SEM cryogenic scanning electron microscopy 
DLS dynamic light scattering 
DWR double wall ring 
FreSCa freeze-fracture shadow-casting 
G gaseous 
GI grazing incidence 
IFT interfacial tension 
IPA isopropylalcohol 
KPS potassium persulfate 
LB Langmuir-Blodgett 
LC liquid condensed 
LE liquid expanded 
LVR linear viscoelastic region 
MAA methacrylic acid 
MP microparticle 
MRB methacryloxyethylthiocarbamoylrhodamine B 
NP nanoparticle 
NR eutron reflectivity 
PEGMa poly(ethylenglycol methacrylamide) 
PNiPAm poly(N-isopropylacrylamide) 
Rh hydrodynamic radius 
RSANS radius determined by SANS 
S solid-like 
SANS small-angle neutron scattering 
SAXS small angle x-ray scattering 
SDS sodium dodecyl sulfate 
SLD scattering length density 
TEM transmission electron microscopy 
TXM transmission x-ray microscopy 
VPTT volume phase transition temperature 
XRR x-ray reflectivity 
ZAC zero average contrast 
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